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Abstract
A comprehensive investigation, using scanning electron microscopy, 
energy dispersive x-ray analysis, x-ray diffraction, and 29Si and 27A1 magic angle 
spinning nuclear magnetic resonance spectroscopy, was conducted on the 
NaOH-activated blastfurnace slag system. Integration of the results from these 
techniques accommodated characterization of the unreacted glass, identification 
of the crystalline hydration products, and presentation of a proposed structure 
for the C-S-H phase. Crystalline hydration products identified by x-ray 
diffraction were CSH(I) and (C,M)4AHlt, and the proposed structure for the 
C-S-H phase consists mainly of imperfect layers of tobermorite. The structures 
of the hydrated phases w ere found to be closely related to that of the unreacted 
glass. Examination of the effects of time, temperature, and pH on the hydration 
process revealed influences on the degree of reaction only, with basically the 
same products formed in all samples tested. The results obtained from the 
NaOH-activation investigations are applicable to many alkali-activated slag 
systems, as manifested by the generation of similar characterizations in systems 
involving other hydroxides. Finally, the study was extended through the 
analysis o f a perlite glass, the structure of which differs greatly from that of the 
slag, and which produces a P zeolite upon reaction in a NaOH solution. Once 
again, a strong relationship was discovered between the structure of the glass 
and the hydration products generated by alkali-activation.
Chapter 1 
Introduction
A great deal o f potential exists for im proving the perform ance of 
cements, in spite o f m ore than a century of research. Traditional goals of 
cem ent research involve improving physical properties by increasing strength 
and crack resistance, and accelerating the growth o f strength. More recently, 
the perform ance goals o f some research have shifted, w ith improved durability 
taking priority over increased strength. Broadly stated, hardened cem ents are 
expected to exhibit excellent physical properties and  long life because of the 
high cost o f reconstruction o r repair (Glasser, 1980).
To address these goals, two lines o f research can be followed: (1) 
enhance the reactivity o f known cements, and (2) develop new  binding 
substances. Many years o f research in enhancing the reactivity o f portland 
cem ent leave the potential for significant im provem ent in the strength and 
durability o f the portland  cement-water system limited. Thus, the p resen t study 
addresses the second task of developing new  highly-active binding substances 
which may lead to new  cem ent systems w ith enhanced strength and durability.
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Glukhovsky (1980) asserts that the two most im portant considerations 
in creating enhanced binders are: (1) the exclusion of the highly basic minerals 
found in ordinary cem ent (C3A, C3S, C4AF)* whose hydration products either 
make no significant contribution to cem ent strength or reduce the durability 
through their high reaction capacities, and (2) replacement of highly basic 
minerals by caustic alkalis which ensure the hydration of the aluminosilicate 
substance of the cement. These considerations lead to the production of 
cem entitious materials by the alkali-activation of calcium aluminosilicate glasses. 
Elimination of the highly basic mineral phases, which are crystalline, is 
accomplished through the use of am orphous aluminosilicate glasses which are 
known to react in caustic solution. The m ost commonly utilized and studied 
of these cements are alkali-activated slag binders, which are the products o f the 
reaction o f ground granulated metallurgical slags.
1.1 General Background Information
Iron blastfurnace slag is a waste by-product of the production of pig iron. 
It consists mainly of lime (CaO), silica (SiOj), alum ina (A120 3), and magnesia 
(MgO). If the slag is quenched from the m olten state through a process know n 
as granulation, an am orphous material is produced. Though granulated slag 
does not react with w ater alone, it has cementitious properties in the presence
’cement nomenclature used: C =  CaO; S = Si02; A = Al20 3; M =  MgO; F = FeO; H =  HzO.
of a suitable activator, such as NaOH. The reactivity is enhanced by grinding to 
produce ground granulated iron blastfurnace slag (GGIBFS).
As a waste product, GGIBFS is readily available and inexpensive. It has 
found its most common use as a partial replacement for ordinary portland 
cement (OPC) in concrete mixtures since it is cheaper and requires much less 
energy to produce. However, the activated slag has shown some potential as 
a construction material by itself and is the target of studies searching for new 
materials with higher strength and durability, and faster set time. Activated 
GGIBFS binders have displayed promise in all these areas and are thus being 
studied for applications ranging from prefabricated structural members to rapid 
runway repair. Obviously, an understanding of the nature of the reaction 
products and of the reactions themselves is vital to optimizing the development 
and utilization of these materials.
In addition to the applications in construction there are more purely 
scientific reasons for studying GGIBFS. One is to look at the glass chemistry 
and structure of the material. Great progress is being made in the study of 
amorphous materials to which the analysis of GGIBFS can contribute. Another 
field which could be influenced by the study of GGIBFS is catalysis. It has been 
suggested that zeolites can be formed by alkali activation of slag o r similar 
glasses. Also, a commonly reported reaction product is a calcium silicate 
hydrate structurally related to the mineral tobermorite. Tobermorite is 
currently under study due to its cation exchange capabilities.
Most studies on GGIBFS have concentrated on the interaction chemistry 
of slag with pordand cem ent or the properties of the resulting blastfurnace slag 
cement. Fewer studies have been reported on the activated slag b inder alone 
and very little work has been done with an emphasis on the slag’s am orphous 
nature or the influence of the glass structure on the hydration products. The 
slag has been viewed as a substitute for OPC rather than as a representative 
material of a possibly wide-ranging group of glass based binders.
In light of these engaging possibilities, a comprehensive analysis of the 
alkali-activated slag system is warranted and is therefore the principal topic 
addressed in the present study. In order to extend the exploration of the 
influence of the glass structure on the products of alkali-activation, another 
glass w ith a decidedly different composition and structure is also analyzed. 
Perlite, a volcanic glass which contains the same oxides as slag, bu t is much 
richer in silica content, was chosen as the source material for this analysis. 
Perlite has many commercial uses including the manufacture of insulation. A 
fine perlite dust is a by-product of this process, and, as is the case with the 
blastfurnace slag, methods of utilization of this waste material are o f great 
interest.
1.2 Scope
The present study is aimed mainly at determining the chemical and 
m icrostructural character o f alkali-activated slag, and exploring the relationship
betw een the structural constitution o f the unreacted glass and the hydrated 
material. The engineering properties o f the cem entitious materials can be 
m easured independently o f these features. However, in order to explain the 
engineering properties and to determ ine their sensitivity to environm ental 
conditions and aging, the characterization of these chemical and m icrostructural 
features is essential (Glasser, 1990).
Much of the im provem ent in the perform ance of cements and concretes 
has arisen from the application of physicochemical studies. M icrostructural and 
chemical information has been gained from scanning electron microscopy and 
energy dispersive spectroscopy, while o ther inform ation has been gained from 
techniques such as infrared spectroscopy, porosimetry, surface area 
determ ination, differential therm al analysis, studies o f naturally occurring 
related minerals, and nuclear magnetic resonance spectroscopy. The findings 
from these various techniques serve as pieces o f a puzzle and  are integrated to 
provide the current understanding of the hydration process, which has 
improved greatly, but is sdll incom plete. O ne o f the chief limiting factors in the 
characterization of cem ent hydration has been the ability to characterize 
am orphous and nearly am orphous solids (Glasser, 1990). This is im portan t in 
the analysis of portland cem ent since the main hydration product, credited with 
being m ost responsible for strength, is the nearly am orphous calcium silicate 
hydrate known as C-S-H. It is even m ore im portant, however, in the current 
study since, in addition to  C-S-H type hydration products, the unhydrated
material is a calcium aluminosilicate glass. Thus, recent advances in techniques 
and theories regarding glass structure must also be employed in order to 
generate an understanding of the structure of alkali-activated glass binders.
In light of the above discussion, the current study was undertaken to 
characterize the chemical and microstructural features of alkali-activated calcium 
aluminosilicate binders. The bulk of the study involves a comprehensive 
investigation of the most common alkali-glass-water system, NaOH-activated 
blastfurnace slag. Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) were used to detail the microstructure and composition of 
the hydrated phases, while the development o f crystalline phases was followed 
using x-ray diffraction (XRD). 29Si and 27A1 magic-angle spinning nuclear 
magnetic resonance spectroscopy (MAS-NMR) were used to gain structural 
information about short range order, and thus to help characterize the glassy 
and nearly amorphous materials involved. The results of these techniques were 
consolidated to provide an understanding of the chemical and microstructural 
features of the materials. The consequent structural insight facilitated 
comparison of the structures of the unreacted slag and the new  phases 
developed during hydration. In addition, unconfined compressive strength tests 
were performed to correlate the engineering properties to the physicochemical 
studies.
With an improved understanding of the NaOH-slag-water system as a 
basis, a more general look at alkali-activated glasses is presented. This is
provided through first exploring the effect o f using different alkali activators 
with the same slag, and then investigating alkali-activation of a perlite glass, 
which has a markedly different composition and structure. These materials 
were investigated using the same techniques as were perform ed on the NaOH- 
activated slag with the results being com pared to the more comprehensive 
analysis o f that system.
1.3 Summary o f  Results
NaOH-activation of the slag produced a dense matrix interspersed with 
small am ounts of crystalline phases. Crystalline products were identified as the 
tobermorite-like CSH(I) and a calcium magnesium aluminate hydrate, 
(C,M)4AHx. The poorly crystalline C-S-H phase, constituting the majority o f the 
hydrated material, is m odelled as consisting mainly o f structurally imperfect 
layers o f tobermorite, w ith (C,M)4AHX forming in the interlayers. Toberm orite 
layers are m ade up  of C a02 octahedral sheets linked to silicate chains. The 
silicate chains were found to be mainly dimeric in the activated slag. A strong 
relationship was uncovered between the structure o f the glass, which contains 
octahedral Ca-O sheets of m edium range order and silicate structures w hich are 
also mainly dimeric, and that of the hydrated reaction product. Similar results 
were obtained using o ther metal hydroxides as activators, with the glass 
structure, no t the activating cation, determining the types o f hydration products 
formed. Furthermore, NaOH-activation of the perlite glass, which has a
continuous, though disordered, framework aluminosilicate structure, produced 
zeolitic hydration products, again reflecting the influence of the glass structure 
on the hydrated material (zeolites have well ordered framework aluminosilicate 
structures). In both glasses, the reactions are believed to take place through in- 
situ processes, requiring only the diffusion of OH', H20 , and the activating 
cation into the glass structure, and the rearrangement of the structural units 
already present.
Chapter 2 
Background
2.1 G eneral Properties o f  Alkali-Activated Slag
High strength quick-setting binders are known to be obtained from  the 
reaction of iron blastfurnace slag activated in alkaline solution. For example, 
initial setting time (by the Vicat needle test) for ordinary portland cem ent is 2-4 
hours (Popovics, 1982) com pared to 1-2.5 hours for alkali-activated GGIBFS 
(Purdon, 1940); the corresponding final setting time is 5-8 hours for portland 
cem ent com pared to 1.4-4.3 hours for the slag. Slag-alkaline cem ents produce 
varying strengths depending on the chemical nature of the slag, the am ount and 
type o f alkaline com ponent used, and o ther variables such as particle size and 
water/solids ratio. According to Glukhovsky et al. (1980) optim al m ixtures can 
produce cem ent mortars w ith compressive strengths of u p  to 1200 kg/cm2 
(17,000 psi). Narang and Chopra (1983) reported  that with increasing 
concentration of NaOH, strength developm ent is accelerated and the 28-day
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strength is increased. Early studies (Purdon, 1940) found an optimum NaOH 
content corresponding to 1.25-2 molar solution in mixing water (pH 14.1-14.3).
In addition to the high strength exhibited by alkali-activated slag binders, 
their corrosion resistance in waters with low hydrocarbonate resistance, in 
sulphate solution, and in sea water, surpasses that of common cement. The 
freeze-thaw characteristics are also reported to be superior to ordinary cement, 
due in part to the lowered freezing point of the alkaline solution compared to 
water (Glukhovsky et al., 1980).
2.2 Hydration o f  Cementitious Materials
While the reaction processes of alkali-activated slag binders have not been 
widely studied, the basic nature of hydration can be interpreted from that of 
ordinary cements. During hydration, cement grains are converted to hydrated 
solids by a combination of solution-and-reprecipitation reactions and in-situ 
hydration. Solution-precipitation reactions are important in the early stages of 
hydration, while a significant amount of fluid water still remains, with in-situ 
hydration by diffusion of HzO and OH' through the material taking over as the 
matrix becomes increasingly solid-like. Due to the fact that set occurs relatively 
early in the hydration process, most of the reaction occurs by in-situ diffusion 
controlled hydration (Glasser, 1990). This is expected to be especially true for 
alkali-activated slag systems since their set times are even shorter than those for 
ordinary cements.
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2.3 Hydration Products o f  Alkali-Activated Slag
The strength obtained with alkali activated glass binders has been 
reported to depend on the am ount and type of crystalline phases developed 
(MacDowell, 1986). A wide range of phases has been identified in such 
materials, varying with the composition of the glass and the activator used, 
often producing conflicting results. X-ray diffraction (XRD) patterns from 
different alkali reaction experiments are frequently complex and hard to 
compare, and unam biguous identification of phases is difficult because peaks 
due to expected phases overlap, the diffraction peaks have low intensities, and 
the experimental conditions vary. The main reaction products reported 
(Regourd, 1980, Narang and Chopra, 1983) for NaOH-activated GGIBFS include 
C-S-H, the gehlenite hydrate known as straetlingite (QASH,,), and the calcium 
alum inate hydrate C4AH13.
2.3.1 C-S-H. C-S-H is a term used for many kinds of poorly crystalline or 
am orphous calcium silicate hydrates. The term is most commonly used to 
describe the main hydration product o f the reaction of portland cem ent with 
water, which is also referred to as C-S-H gel. This poorly crystalline phase has 
a Ca/Si ratio of 1.7 to 2.0, with a layered structure which has been described by 
relating the layers to those of crystalline minerals. It was once considered to 
be related to the mineral tobermorite (CjSgHJ. This m odel was replaced by 
one proposing a structure related to jennite (C9S6Hn) (Taylor, 1969), and  more
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recently w ith a m odel consisting of poorly formed layers of toberm orite, jennite, 
and calcium hydroxide (Taylor, 1986). Two o ther C-S-H phases of im portance 
are CSH(I), a quasi-crystalline phase w ith an imperfect tobermorite-like 
structure, and  CSH(II), w hich is similarly related to jennite. These phases are 
both m ore crystalline than the C-S-H form ed in ordinary cem ent pastes at room  
tem perature.
In the literature, C-S-H in hydrated slag is often reported as "tobermorite- 
like". However, it is no t always clear w hether this is a  reflection of the structure 
of the particular phase observed or the use o f the old nom enclature. Unlike 
ordinary portland cem ent, the slag has a Ca/Si ratio of about 1. Assuming the 
C-S-H form ed from the slag has a similar Ca/Si ratio, the form ation of 
toberm orite will be favored over that of jennite. Taylor (1986) reported  the 
Ca/Si ratio o f 1.4 nm  toberm orite to range from 0.83 to 1.25 depending on the 
chain length of the silicate anions, com pared to 1.5 to 2.25 for jennite. Thus, 
from a purely stoichiom etric po in t of view, toberm orite w ould be favored in the 
hydrated slag, and the description of the C-S-H produced from it as being 
tobermorite-like may well be accurate.
2.3.2 Structure o f Tobermorite. Due to the likelihood that a phase sim ilar to 
toberm orite is formed in  the slag-alkali cement, an understanding o f the 
structure o f toberm orite is needed. Toberm orite has a layered structure, 
illustrated schematically in Figure 2.1, in which each layer can be regarded as.
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dreierketten silicate chain
O 0 ^ 00 ^ 0
edge-linked sheec of CaOf ocnhedra
#  Ca!*
O  H.O
\  t
'bridging' cctrahcdra
Figure 2.1. Schematic illustration of the layered structure of tobermorite.
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being com posed of a m ain layer and an interlayer. The main layer is comprised 
of a C a0 2 sheet of octahedrally coordinated calcium atoms flanked on  both 
sides by parallel rows of infinite silicate chains kinked into repeat intervals of 
three tetrahedra (dreierketten chains).* The interlayer consists of H20  
molecules and additional Ca2+ ions. It has been suggested that in poorly 
crystalline toberm orite the H20  molecules may be coordinated around  the 
interlayer Ca2+ or com bined into structural Ca(OH)2 (Kalousek and Roy, 1957). 
Various forms of toberm orite have been reported with the layer thickness 
varying from 0.9 to 1.4 nm, depending mainly upon  the am ount o f H20  
contained in the interlayer.
The Ca-O parts o f the main layers are related to the octahedral layers in 
Ca(OH)2, but with the repeat units in the plane of the layers differing 
considerably. All the O atoms of the central C a02 sheet are shared with the 
silicate chains, while in the chains, in each group of three tetrahedra, two share 
O atoms w ith the central sheet (Taylor 1986). The third, o r ’bridging’, 
tetrahedron, contains one O H ' group. Modifications to the structure can be 
caused by the omission of the third (’bridging’) tetrahedron, producing finite 
chains, o r by the replacem ent of Si4+ by Al3+, which is reported to occur only 
in this ’bridging’ tetrahedron (Mohan and Taylor, 1982). The negative charge 
caused by such a substitution is believed to be balanced by mono-alkalis o r Ca2+ 
in the interlayer (Komameni et al., 1985a). NMR studies (Weiker, 1982;
’Many o f the fundamental structural units encountered in silicates are illustrated in Appendix A.
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Komameni, 1985a-c; Komameni, 1986) reveal that Al3+ substitutes only in 
tetrahedral coordination, and distinguish the various Si configurations suggested 
by the structure ~ chain midmembers and endmembers and Al-substituted 
midmembers. In addition, bridging tetrahedra linking chains of adjacent main 
layers are reported in some varieties of tobermorite.
The crystal structure of tobermorite is generally reported based on an 
orthorhombic cell with the c-axis perpendicular to the layered structure. Based 
on the relative intensities of particular peaks in the XRD pattern, a distinction 
can be made between degrees of crystalline order (a) within the ab-plane, and 
(b) parallel to the c-axis (Dyczek, 1971). Hara and Inoue (1980) reported an 
inverse relationship between the spacing in the c-direction and the Ca/Si ratio, 
and suggested that each tobermorite is a highly crystalline form of a CSH(I) of 
different Ca/Si ratio. A Ca/Si ratio of about 1 was associated with a spacing of 
1.2-1.25 nm. For a given Ca/Si ratio, however, the spacing may vary due to loss 
of interlayer H20  as stated earlier.
2.3.3 Structure o f C ylH I3. Of the other possible hydration products of alkali- 
activated slag, the one of most interest in the present study is the calcium 
aluminate hydrate QAH13, or 4Ca0A l20 3T3H20 . This phase has a hexagonal 
structure containing layers similar to Ca(OH)2, but with the three octahedral 
sites in the structural element occupied by 2Ca2+ + 1A13+. The replacement of 
Ca2+ by Al3+ is ordered and leaves one hydroxyl group outside the octahedral
layer, along with all the w ater (Buttler et al., 1951). Thus the basic structure 
consists of layers of Ca2Al(OH)6 units and interlayers containing OH" and H20 . 
In his studies of lime-activated glasses of variable magnesium content, Mascolo 
(1973) found hydration products similar to C4AH13, but belonging to the solid 
solution series (C,M)4AHX. The endmembers of this solid solution are C4AH13 
and M4AH13, which has a structure like that of C4AH13 but with Mg2+ replacing 
Ca2+. (C,M)4AHx was revealed by x-ray diffraction to have a structure like that 
of the endmembers, but with lattice spacings intermediate between those of 
C4AH13 and M4AH13, varying with the am ount o f Ca2+ replaced by Mg2+. In 
addition to the possible substitution of Mg2+ ions, w hen GjAH13 is found in 
alkali-activated slag, energy dispersive spectroscopy reveals the presence of a 
significant am ount of Si, although the nature of its incorporation into o r effect 
upon the structure is unknow n (Regourd, 1980).
2.3.4 O ther Phases. Many other phases have been identified as hydration 
products o f alkali-activated slags and similar glasses. For example, Glukhovsky 
et al. (1980) report C-S-H, alkaline hydroaluminosilicates, natrolite (a zeolite), 
analcite, muscovite, paragonite, and other minerals w hen NaOH is used to 
activate granulated slag. More recently, Tailing and Brandstetr (1989) reported 
that reaction products w ere zeolitic and contained little calcium o r magnesium, 
but no exact species o f zeolite was identified. In many cases, phases are 
identified w ithout being accompanied by the raw data o r basis for identification,
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making the identifications impossible to reproduce. The most complete XRD 
data reported for NaOH-activated slags is that of Tailing (1983) which, however, 
does not include phase identification except for that of the 0.306 nm peak as 
some sort of C-S-H. Rather, the author remarks on the difficulty of identifying 
crystalline phases due to the broad, overlapped, low intensity reflections.
2.4 Structure o f Calcium Aluminosilicate Glasses
In the alkali-activated slag system, the starting material is amorphous and 
the reaction products are a combination of crystalline, poorly crystalline, and 
amorphous phases. Therefore, in addition to knowledge of the types of 
crystalline phases formed, an understanding of the structure of glassy silicates 
is required. Great advances have been made in the study of amorphous 
materials over the last ten years due to the use of sophisticated new techniques. 
The result is a view of alkali aluminosilicate glasses as having much greater 
medium range order than previously believed, with local structure resembling 
crystalline counterparts rather than displaying random arrangement.
The traditional view of glasses is based on fused silica (SiO^ which is 
classically modelled as a continuous random network o f com er linked Si04 
tetrahedra. Alkali and alkaline earth ions are treated as network modifiers 
which are thought to break up the three dimensional tetrahedral network, 
enhancing the disorder of the glass (Jeanloz and Williams, 1991). In this
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model, the network modifying cations are random ly distributed th roughou t the 
partially continuous netw ork of S i04 tetrahedra.
Through the use o f extended x-ray absorption fine structure (EXAFS) 
spectroscopy it was found that modifying cations like Na+ and Ca2+ have well 
defined short range ordering of oxygen atoms around  them (Greaves, 1981; 
Geere, 1982). In som e cases the calcium-oxygen ordering is very close to  that 
found in the stoichiometrically equivalent crystal. The presence of a 
comparatively well ordered  first-neighbor shell about Ca was further 
dem onstrated by neu tron  scattering (Eckersley, 1988) with indications of 
ordering beyond that, suggesting that calcium atoms are no t random ly 
distributed bu t have rather well defined, preferred separations. More recently, 
Gaskell et al. (1991) have used an elegant neu tron  scattering experim ent on  a 
calcium silicate glass [(C a0)48(Si02)49(Al20 3)3] to establish first- and second- 
neighbor Ca-Ca distances similar to those in a sheet o f edge-linked C a06 
octahedra o f crystalline CaSi03. A working hypothesis was presented in which 
such glasses are represented  by distinguishable dom ains of closely-packed 
oxygen ions, with cations filling appropriate octahedral and tetrahedral 
interstices. Sheets o f edge-linked C a06 octahedra are essentially parallel in 
these ordered regions and  are interleaved w ith linked S i04 tetrahedra. This 
type of m odel is no t new, but is historically used for describing crystalline 
rather than glass structures. This strengthens the appreciation for the  close 
similarity betw een crystalline and glass structures, at least at sho rt to
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intermediate ranges (Jeanloz and Williams, 1991). The lack of long range order 
is attributed to defects such as corrugation and tearing of the sheets, and 
variations in connectivity within the plane, and the associated geometrical 
distortion (see Figure 2.2). The structural picture presented is one which has 
elements of long-range randomness coexisting with both short- and medium- 
range order, with the degree of ordering persisting over distances approaching 
1 nm (Gaskell et ai., 1991).
In addition to investigations of the ordering of alkali cations in glasses, 
there has been a great deal of work in recent years on the local structure 
around the "network forming" cations of Si4+ and Al3+, mainly by 29Si and 27A1 
nuclear magnetic resonance spectroscopy using magic angle spinning (MAS- 
NMR). 27A1 MAS-NMR is principally used to determine the presence and 
coordination of Al and 29Si MAS-NMR to estimate the range of polymerization 
states of Si04 tetrahedra.
The 29Si MAS-NMR spectra of calcium aluminosilicate glasses exhibit 
broad single peaks with the peak position indicating the main structural unit 
(distinguished by the degree of polymerization and Al substitution in the 
tetrahedral network), and the breadth of the peak due to a distribution of bond 
angles and lengths and possibly to varying polymerization (Kirkpatrick, 1986). 
Such data for glasses over a wide composition range have been reported by 
Engelhardt et al. (1985). For example, a glass with a composition similar to 
that studied by Gaskell et al. has mainly Q2 structural units, o r silicate chain
Figure 2.2. Part o f a  random sheet o f CaOe octahedra.
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midmembers, indicating that the Si tetrahedra lying between the modified 
octahedral Ca-O sheets of that glass are mainly present in the form of long 
chains. This can be compared to the structure of crystalline CaSi03, which has 
well ordered, infinite silicate chains interleaved between the octahedral Ca 
sheets. The structure of the glass is thus similar to that of the crystal, but in the 
glass the chains may be broken up somewhat and the bond angles and lengths 
vary indicating a range of orientations rather than the rigid conformation of the 
chains in the crystal.
27A1 MAS-NMR data for aluminosilicate glasses indicate the presence of Al 
mainly in tetrahedral coordination to oxygen, indicating the substitution of Al3+ 
for Si‘,+ in the tetrahedral network. (This substitution also affects the position 
of the 29Si MAS-NMR peak.) Engelhardt et al. (1985) report that aluminum not 
included in the aluminosilicate network forms neutral Al compounds which are 
not bound to the tetrahedral network. That is, when octahedrally coordinated 
Al is present, it is not at a "network modifier" position like that of Ca in the 
octahedral Ca-O sheets described by Gaskell et al.
In summary, m odem  analytical techniques have produced a new  and 
evolving view of the structure of calcium aluminosilicate glasses. In this vein, 
glasses are seen as having a great deal of intermediate-range structural order 
and thus bear a closer resemblance to their crystalline counterparts than 
previously believed.
Chapter 3 
Experim ental Procedure
3 .1  Materials
The main material used  in this study was a granulated blastfurnace slag 
obtained from the Atlantic Cem ent Company, Inc.; the slag granulating and 
grinding plant at Sparrows Point, Maryland. Chemical analyses were perform ed 
by w et chemical analysis and by atom ic absorption spectroscopy, w ith average 
results appearing in Table 3.1, and  air perm eability testing revealed a Blaine 
fineness o f 528 m2/kg. In addition to the slag, experim ents were conducted 
using a perlite glass obtained from Grefco, Inc., in Sorocco, New Mexico. The 
perlite  glass had a m uch higher silica con ten t than the slag, as observed in  the 
chem ical analysis presented in Table 3.2, which was obtained by atomic 
absorption spectroscopy. The Blaine fineness o f the perlite was 302 m2/kg.
Sodium hydroxide was chosen as the chief activator for this study 
because it is readily available, is w ater soluble, and  im parts excellent hydraulic 
p roperties to  granulated blastfurnace slag. Although sodium  metasilicate is
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Tabic 3.1. Chemical analysis o f granulated slag.
Oxide Wt. % Mole % Oxide Wt. % Mole %
CaO 42.31 44.36 Mn203 0.56 0.21
Si02 36.18 35.41 TiOz 0.46 0. 34
Al203 9.82 5.66 P2Os 0. 02 0.01
MgO 8.56 12 .49 Na20 0.17 0.16
S03 1.23 0.92 k 2o 0.34 0.21
Fe203 0.63 0.23
Table 3-2. Chemical analysis of perlite glass.
Oxide Wt. % Mole % Oxide Wt. % Mole %
Si02 78.8 84.6 CaO 0.8 0.9
A1203 13.2 8.4 Mn203 0.3 0.1
k 2o 4.8 3.3 so 3 0.1 0.1
Na20 2.1 2.2 Fe203 0.9 0.3
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reported to be the most effective activator (Boldyrev and Tumenez, 1984), 
sodium hydroxide was chosen because of its chemical simplicity. Unless 
otherwise noted, NaOH was added to the mixing water at a 5 molar 
concentration (pH 14.7), and samples were prepared by mixing 50 grams of 
slag with 20 ml of solution. This mixture produced a water/slag ratio o f 0.387, 
or -0.4. To assess the effect of the ionic radius and charge of the activating 
cation, testing was also performed on samples prepared using metal hydroxides 
of Li+, Na+, Ca2+, Sr2*, and Ba2+. The details of sample preparation for these 
mixtures are presented in Chapter 8, which addresses the use of different 
activators.
3.2 Experimental Techniques
3.2.1 Unconfined Compressive Strength. Unconfined compressive strength tests 
were performed on either 2" (5.08 cm) cubic o r 3" x 6" (7.62 x 15.24 cm) 
cylindrical samples cured at >95% relative humidity. An Instron Model 1331 
servohydraulic, closed loop, universal testing machine was used and the load 
was applied continuously and without shock, with the moving head operating 
at approximately 0.05 in./min. (0.127 cm/min.) when the machine was running 
idle.
3.2.2 X-ray Diffraction. Powder x-ray diffraction patterns were obtained with a 
Scintag PAD-V automated x-ray diffractometer. Cu Ka radiation was used with
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a voltage of 45 kV and a current of 35 mA. The slit widths before and  after the 
sample were 2°, 4° and 0.5°, 0.3°, respectively. The samples were scanned from 
3 to 70° 20  with a step width of 0.02° and counting time of 4 seconds or a 
minimum of 3,000 counts at each step. The diffracted x-rays were detected by 
a KEVEX energy dispersive (Li drifted Si) detector. The bias voltage on the 
detector was set to 300 eV centered on 8.04 keV (the K„ peak of copper). The 
samples were spun on their vertical axes to minimize the effect of com positional 
inhomogeneity, grain size, and grain orientation. Synthetic corundum  was 
sometimes used as an internal standard.
The XRD spectra show n and discussed will be either raw data (RD) or 
net-intensity (Nl) files. The net-intensity files reflect the data after the 
subtraction o f the Ka2 peaks, noise, and background. The Ka2 peaks were 
removed by assuming that they were 50% of the Ko1 peaks in intensity. The 
background was subtracted by a variable frequency sampling technique, and  the 
noise by a Fourier filter.
Over 200 XRD spectra were collected, and the individual patterns 
presented in the following chapters are representative examples of repeatable 
results. None of the data presented or conclusions m ade in this study were 
drawn from single XRD tests.
3.2.3 Scanning electron microscopy and energy dispersive x-ray analysis. SEM and 
EDS were perform ed using an International Scientific Instrum ents ISI-60A
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scanning electron microscope equipped with an EDAX 9100 energy dispersive 
spectrometer. Samples of hydrated material were freeze-fractured using liquid 
nitrogen to obtain more random  breakage. Fractured samples with diameters 
of about one centim eter w ere m ounted on alum inum  stubs. Samples for SEM 
work were coated with gold to avoid charging, while samples on which EDS 
was perform ed were instead coated with carbon to avoid interference by the 
gold peaks in the analysis. SEM work was perform ed at an accelerating voltage 
of 25 keV and EDS at 15 keV.
3.2.4 Solid State M AS-NM R. Most of the 29Si MAS-NMR spectra were collected 
at 39.74 MHz using a Bruker MSL-200 nuclear magnetic resonance spectrom eter 
equipped with a 4.7 Tesla superconducting magnet. Samples were crushed to 
pass through a #100  m esh sieve, filled into zirconia rotors, and spun at the 
magic angle (54.7°) at rates >3.5 kHz. Single pulse FT-NMR was perform ed 
using 5 ps pulses (90° tip angle), with 5 s relaxation delays betw een pulses. 
300 to 4000 free induction decays (FIDs) were accumulated to obtain a 
sufficient signal to noise ratio. Extension of the delay intervals between pulses 
up  to 30 s had no effect on the spectra. Chemical shifts are reported in ppm  
relative to external tetramethylsilane (TMS).
In order to provide better resolution o f overlapping peaks, 29Si MAS-NMR 
measurements were m ade on selected samples at a higher field. These spectra 
were collected at 99.36 MHz using a Bruker MSL-500 spectrom eter equipped
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with an 11.7 T magnet; 5 ps 90° pulses were used with a delay of 10 s, and 350 
to 1000 FIDs were collected.
Simulations o f the 29Si spectra were done with the PeakFit™ 
spectroscopic curve fitting package. The routine returns several parameters as 
measures of the quality of fit, including r2 and %2 values, which appear at the 
end of the numerical summaries presented in Appendix A, listed as "r2" and 
"Error" respectively.
27A1 MAS-NMR measurements were made on a Bruker AC-200 
spectrometer. Spectra were recorded at 52.1 MHz (in a 4.7 T magnetic field) 
using 3 /as pulses corresponding to a 30° tip angle. Up to 150,000 FIDs were 
collected at a delay intervals of 0.02 s. Samples were spun at 6.5 kHz in Torlon 
rotors. Chemical shifts are reported in ppm relative to A1(H20 ) 63+.
Chapter 4  
SEM and EDS o f NaOH-Activated Slag
Scanning electron microscopy (SEM) was used to gain inform ation about 
the types o f m icroscopic structures form ed in NaOH-activated slag, and the 
range o f sizes and scales over which these structures occur. Knowledge of the 
approxim ate chemical constitution of specific structures as well as the 
distribution o f the constituent elements throughout the hydrated material was 
obtained using energy dispersive x-ray microanalysis (EDS). Bulk analyses over 
large regions and spo t analyses with interaction volumes on  the o rder o f 1 fim  
in diam eter were perform ed. The experim ental param eters for all data 
presented in this chapter are described in Chapter 3.
The hydrated b inder p roduced from NaOH-activated slag was com posed 
of a dense matrix w ith a  crudely layered structure, in terrupted  by num erous 
distinct crystalline forms. Though many crystals w ith well developed faces can 
be found, they are volumetrically insignificant com pared to  the crudely layered 
m atrix material. By EDS, the bulk (matrix) m aterial and  the crystals contain the
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full complement of elements present in the slag as well as the activating 
sodium. While their concentrations vary throughout the material, Ca, Si, Al, Mg, 
Na, and some other m inor constituents (mainly S and K) are present in all 
phases observed. These phases are generally considered as calcium silicate 
hydrates of some sort, but no  specific phase identifications could be m ade using 
these techniques. Selected photomicrographs and EDS spectra are presented 
in Section 4.1 for illustrative purposes with the implications of these and other 
results discussed in Section 4.2, followed by conclusions in Section 4.3.
4.1 Results
The bulk material in the hydrated slag is seen in Figures 4.1 and 4.2. 
The material has a crudely layered structure with the layers a few tenths of a 
micrometer thick, and quite extensive. The photomicrograph in Figure 4.1 was 
taken at low magnification (600 x) at an oblique angle to the surface, revealing 
successive layers stacked behind each other, most easily distinguished in the 
foreground. Looking at the bulk material at higher magnification (Figure 4.2), 
the thickness of the layers can be estimated to be a few tenths of a micrometer. 
The composition of the matrix material (presumably some type of C-S-H) 
appears in the EDS analysis in Figure 4.2(b). The analysis shows that all the 
major constituent elements, including the activating Na, are incorporated into 
the material.
Figure 4.1. SEM photom icrograph o f NaOH-activated slag, 
(magnification =  600 x, bar scale =  10 /im)
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Figure 4.2. SEM photomicrograph and EDS analysis of bulk material.
(a) SEM photomicrograph (magnification = 1,680 x, bar scale = 10 ju.m).
(b) EDS analysis.
One of the m ore distinctive features com m only found in the hydrated 
slag is show n in Figure 4.3. Elongated crystals w ith well developed faces are 
apparent, growing u p  to ten micrometers in diam eter and tens of m icrometers 
in length. The same elongated crystals are seen at higher magnification in 
Figure 4.4, along with two EDS spot analyses from different volumes w ithin the 
same crystal. These patterns indicate that, w ithin experim ental limits, the 
variation in com position within the grain is low. Once again, all o f the major 
constituent elem ents are present, bu t the relative am ounts differ from the bulk 
material. This phase has a higher Ca/Si ratio than the matrix and a higher 
am ount o f Na.
A nother crystal type displays very well developed prismatic and pyramidal 
faces, as in Figure 4.5. They have grown to a few m icrom eters in cross-section. 
An EDS spot analysis from w ithin one of these crystals appears in Figure 4.5(b), 
reflecting the same elem ental makeup as all o ther phases analyzed. The spot 
analysis in Figure 4.5(c) was taken from a region in the matrix near this crystal. 
A com parison of these two spots shows them  to be of sim ilar com position, with 
no sharp change across the grain boundary.
Hexagonal platelets were observed in the samples, bu t w ere no t as 
com m on as the o ther crystalline phases m entioned above. In  some cases these 
hexagonal crystals grew  in clusters form ing a honeycomb-like structure as 
show n in  Figure 4.6. The individual platelets are only a few m icrometers across
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Figure 4.3. SEM photomicrograph of elongated crystals in NaOH-activated slag.
(magnification = 850 x, bar scale =  10 jam)
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Figure 4 .4 . SEM photom icrograph and EDS analyses of elongated crystals, 
(a) SEM photom icrograph (magnification =  2800 x, bar scale =  10 fim). 
(b) and  (c) EDS spo t analyses taken from different spots 
w ithin the same crystal.
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Figure 4.5- SEM photom icrograph and EDS analyses o f crystals with prismatic
and pyramidal faces in NaOH-activated slag.
(a) SEM micrograph (magnification = 3,500 x, bar scale =  1 [j.m).
(b) EDS spo t analysis from poin t within a crystal.
(c) EDS spot analysis from  a  point in  the bulk material near the crystal.
Figure 4.6. SEM photom icrograph o f hexagonal crystals organized 
into a honeycom b structure in NaOH-activated slag, 
(magnification = 2,500 x, bar scale =  1 /im)
and a fraction of a micrometer in thickness. Due to their small size, EDS 
analysis could not be performed on these crystals independently from the 
matrix material. Because of the inability to produce a spot analysis from this 
phase, the photomicrograph in Figure 4.7 is presented. This photomicrograph 
was taken from a sample of NaOH-activated slag mixed in a fashion identical to 
that of the samples analyzed above, but cured at 80° C. Curing at elevated 
tem perature results in an acceleration of the reaction and an increase in the 
am ount of crystalline hydration products formed, as will be discussed in more 
detail in Chapter 7. In such samples, hexagonal platelets can be seen which 
exhibit m uch larger breadth and thickness, as can be seen in Figure 4.7, 
particularly in the lower left corner. An EDS pattern from a hexagonal platelet 
appears in Figure 4.7(b).
4.2 D iscussion
4.2.1 General Observations. Most of the material examined exhibited a crudely
layered structure which is considered to be a type of C-S-H with the other
/
elements o f the raw slag (Al, Mg, S, K, etc.), as well as the activating Na 
included in its structure. The widespread presence of this phase, combined 
with the fact that no unhydrated glass particles could be seen, indicate a high 
degree of reaction. No unreacted glass particles could be found, even in 
samples which were freeze-fractured at liquid nitrogen temperature. It is 
expected that freeze-fractured samples would break randomly through the
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Figure 4.7. SEM photom icrograph and EDS analysis o f hexagonal 
platelets in NaOH-activated slag cured at 85° C.
(a) SEM photom icrograph (magnification =  7,400 x, bar scale =  1 /xm).
(b) EDS spot analysis from a hexagonal platelet.
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phases, and thus in some cases reveal unreacted particles if they are a major 
constituent.
While a variety of crystals with well developed faces can be observed by 
SEM and analyzed by EDS, no specific phase identifications could be made 
based on morphology or chemistry. Rather than sharp contrasts in chemical 
composition between phases of different morphology, all phases analyzed reveal 
the same elements present with variations only in their relative proportions. 
In some cases phases which display similar morphologies have different 
compositions, while phases also exist which appear very different 
morphologically, but have the same chemical makeup. Generally, the 
compositions at different spots within a single phase are consistent. There are 
no sharp changes in composition, even across distinguishable phase boundaries. 
Changes in composition are gradual throughout the material.
4.2.2 Hexagonal Platelets. Hexagonal platelets in hydrated slag are often 
identified as straetlingite (CjASHa) or the calcium aluminate hydrate C4AH13. 
Another possibility is Ca(OH)2. These crystals are found only in small quantities 
and on a small scale in the slag hydrated under ambient conditions. The EDS 
analysis obtained from similar crystals formed at elevated temperature does little 
to aid in identifying this phase, except to rule out pure Ca(OH)2. The analysis 
does not indicate a calcium aluminate hydrate phase, but again reveals mainly 
a calcium silicate constitution. This fact cannot be used to rule out C^AHjj,
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however, since such crystals are reported  to include a substantial am ount of 
substituted silicon w hen found in hydrated slag (Regourd, 1980).
4.2.3 Tobermorite vs. term ite. Semi-quantitative EDS analysis shows the Ca/Si 
ratio to  be betw een 0.9 and 1.5 for all spo t and bulk analyses of the NaOH- 
activated slag samples. Taylor (1986) calculated possible Ca/Si ratios for jennite 
and 14 A toberm orite structures in the analysis of his proposed m odel for 
C-S-H. The extreme values calculated were 1.5 to 2.25 for jennite, and 0.83 to 
1.25 for toberm orite. The C-S-H resulting from the alkali-activated slag in this 
study w ould  thus be in the com position range of a toberm orite-type structure.
4.2.4 Reaction M echanism. The crystals observed are generally in intimate 
contact w ith the surrounding matrix, rather than growing in voids in the 
material (of which there are few). In addition, the bulk material immediately 
surrounding a crystal is generally very similar in com position to the crystal, with 
gradual changes as the distances from the crystal increases. These facts suggest 
the presence of diffusion controlled transform ation with equal volume 
substitution of crystalline forms for the matrix. Crystals grown by dissolution 
and reprecipitation in fluid w ater w ithin the pores o f the material w ould be 
expected to appear in voids and perhaps exhibit a m ore distinctive composition.
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These observations are consistent with the current perception concerning 
the relative importance of solution and in-situ hydration mechanisms in 
ordinary portland cement. There is a general consensus among cem ent 
chemists that, although through-solution reactions are important during the 
early stages, most of the hydration occurs by in-situ processes. This is due to 
the fact that the cement sets relatively early in the hydration process, with a 
resulting sparsity of fluid water available for dissolution. Thus, as the matrix 
becomes increasingly solid-like, reactions are dominated by in-situ conversion 
to hydrates, accomplished by the diffusion of H20  and O H ' into the unreacted 
phases. Since the alkali-activated slag binder sets and hardens at an even faster 
rate than portland cement, similar domination by this in-situ reaction process 
is expected, and indeed, it is this type of reaction mechanism which is indicated 
by the SEM and EDS data.
4.2.5 Role o f the Activating Sodium. Sodium was found by EDS to be present 
throughout the material. It appeared in all phases analyzed and is definitely 
present in the hydration products, indicating that the reaction process involves 
the diffusion of Na+ ions into the unreacted slag, in addition to HzO and OH'. 
This supports the findings of Narang and Chopra (1983) that NaOH is involved 
in the reactions and no t just a catalyst as previously suggested. While the data 
indicate that Na can exist in all these phases, the concentration of Na in the 
EDS patterns is high relative to the overall mole fraction of the Na in the
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mixture. This could indicate that the Na+ ions are diffusing to the interaction 
volume during analysis due  to a buildup in negative charge from the electron 
beam.
4.3  C onclusions
From investigations by SEM and EDS, som e general conclusions can be 
made. There appears to be a very high degree of reaction, resulting mainly in 
a crudely layered calcium silicate hydrate structure, bu t w ith all the constituents 
o f the unhydrated slag (Al, Mg, etc.) and the activating Na incorporated. Many 
distinct crystalline forms can be found with dimensions ranging u p  to  tens of 
micrometers. The chemical compositions o f these crystals resemble that of the 
bulk m aterial bu t no  firm phase identifications could be made. This holds for 
the hexagonal platelets which, if they represent an alum inate phase, include a 
substantial am ount o f substituted Si. The Ca/Si ratio lies betw een 0.9 and 1.5 
for all phases analyzed, which covers the range for toberm orite-like C-S-H. 
Hydrated crystals appear to  be formed by in-situ m echanism s involving the 
diffusion o f H20 , OH", and  Na+, rather than through solution and precipitation. 
Finally, the activating Na was found in all phases observed.
Chapter 5 
XRD o f NaOH-Activated Slag
X-ray diffraction was performed on NaOH-activated slag to identify 
crystalline or poorly crystalline phases -  those containing long range order -- 
produced in the reactions o r present as unchanged reactants. The sample 
preparation and experimental parameters used to collect the data are as 
described in Chapter 3, unless otherwise noted.
5.1 Phase Identification
A pow der diffraction pattern for the unhydrated slag is shown in Figure 
5.1(a). The dom inant feature is the broad amorphous hum p at a 2 0  *> 32°. 
Some peaks from mineral phases appear, but only with very low intensities, 
indicating very low crystal content. This qualitative observation is in agreement 
with the quantitative x-ray diffraction results of Hooton and Emery (1983), who 
found the mineral content for granulated slag from the same source to be less 
than 1%. The most intense peak at 0.267 nm, along with weak peaks at 0.191
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Figure 5-1. XRD raw  data patterns for (a) granulated iron  blastfurnace 
slag, an<  ^ (b) slag hydrated in 5 N NaOH solution.
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and 0.187 nm can be attributed to merwinite a phase commonly found
in granulated slags. Merwinite peaks remain in the data for hydrated slag 
[Figure 5.1(b)] indicating that the crystalline phase in the unhydrated slag does 
not take part in the reactions. A similar observation was made by Tailing (1989) 
in merwinite bearing slags.
The typical pattern obtained from a sample of hydrated slag activated by 
NaOH at high pH presented in Figure 5.1(b) shows the continued dominance 
of the amorphous hump, with weak peaks from new crystalline phases 
emerging. This is characteristic of all patterns collected for hydrated slag. 
Analysis of the crystalline phases is facilitated by looking at the net intensity 
patterns, from which Ka2 peaks and background have been removed. Such a 
pattern is presented in Figure 5.2 with the major peaks labelled by their d- 
spacings and phase identifications which will be discussed in detail. The 
remainder of the XRD data presented will be of this type (net intensity), but it 
is important to note that the amorphous hum p was present in all raw data as 
in Figure 5.1(b).
The main peak at -  0.306 nm is attributed to C-S-H because most known 
calcium silicate hydrates have d-spacings in the 0.30-0.31 nm range. This peak 
matches reasonably well with the (220) reflection for tobermorite, which is 
reported at various d-spacings, ranging from 0.305 to 0.308 nm, depending on 
the particular form of tobermorite. This suggests the presence of CSH(I), which 
Taylor (1986) refers to as a quasi-crystalline phase with an imperfect
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Figure 5-2. XRD net intensity pattern for NaOH-activated slag. 
D-spacing (in A) and phase identification appear above each peak.
tobermorite-Iike layered structure. A closer examination o f toberm orite shows 
excellent matches at 0.153 nm, 0.167 nm, 0.184 nm, and 0.280 nm  (JCPDS 
pow der diffraction files). They represent the (440), (620), (040), and (400) 
reflections, respectively, and match data for all forms of tobermorite. Since 
these peaks, along with the (220) peak at 0.306 nm, represent (hkO) reflections, 
they do no t provide inform ation about the inter-layer spacing of any particular 
variety of tobermorite, bu t rather reflect only the structure of the basal planes 
themselves. All (hkO) reflections normally reported for tobermorite are present 
and the relative intensities are of the same orders of magnitude. Taylor (1986) 
proposed a model based on  a layered structure for C-S-H from portiand cement 
in which m ost of the layers are imperfect jennite layers, coexisting w ith some 
layers related to 1.4 nm  toberm orite and possibly some of calcium hydroxide. 
The presence o f C-S-H o f this type is reasonable, with layers of tobermorite-like 
structure indicated by the (hkO) reflections. Making a similar com parison to 
jennite is no t possible because XRD data (Carpenter et al., 1966) shows only 
weak reflections for a few (hkO) directions. While the absence of jennite-like 
layers cannot be concluded, the Ca/Si ratio o f the material (1.25 for unhydrated 
slag) suggests that toberm orite formation w ould be favored (see Taylor 1986), 
and the phase will thus be identified as C-S-H(I).
The relative intensity o f the peak at 1.25 nm  varies from pattern to pattern 
independent of the (hkO) C-S-H(I) peaks. This indicates that this peak either 
represents a separate phase o r a part of the structure of the same phase which
forms preferentially under certain conditions (such as at higher tem perature or 
higher pH as will be discussed in Chapter 7). The possibility o f this 
representing a separate phase must be addressed since a peak at about 1.25 nm 
often appears in similar cements due to the presence of the gehlenite hydrate 
known as straetlingite (C^SHg), as reported by Narang and Chopra (1983) and 
Tenoutasse and Marion (1988) among others. However, the other strong peaks 
of C^SHa at 0.627 and 0.418 nm are not present, indicating that this phase is 
not present, or at least not in an am ount large enough to cause the intense 1.25 
nm peak observed in this study.
It is concluded that the 1.25 nm peak represents the interlayer spacing 
in the C-S-H(I) phase, making it similar to 1.25 nm  tobermorite. When 
crystalline tobermorites with this interlayer spacing have been synthesized, it has 
been through a reaction of quartz or am orphous SiOz with CaO in the presence 
of NaOH (Komameni et al., 1986). The appearance of a similar phase resulting 
from the current mixture of slag with NaOH solution is concluded to be 
responsible for the 1.25 nm peak. This was checked in this study by a 
dehydration experiment patterned after that perform ed by Smith (1972) on 
a C-S-H(I) with a (002) reflection at 1.25 nm. Hydrated slag was dried under 
vacuum at 85° C for 3 hours (to simulate d-drying). The results are similar to 
those found by Smith, with the 1.25 nm peak disappearing and indications of 
a new  peak at a d-spacing shifted to about 0.98 nm as shown in Figure 5.3. 
A decrease in the interlayer spacing with d-drying is characteristic of most
* .  97«
70
20
10
0 . 0
10.JXL
Figure 5.3. XRD net intensity pattern  for NaOH-activated slag 
after dehydration. Peak at 12.5 A has shifted to ca 9.8 A
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tobermorites. This experiment gives further evidence of the presence of CSH(I) 
with the 1.25 nm peak representing the interlayer spacing of this phase.
Peaks at 0.77 nm and 0.387 nm are reported by Tailing and Brandstetr 
(1989) for cements hydrated from various slags. It was reported that for a 
particular slag which was similar in composition to the slag used in the present 
study, these two peaks are diminished in intensity relative to patterns from 
other slags. In addition, in another hydrated slag these two peaks are absent 
altogether. This is an indication that these two peaks are produced by the same 
phase. C4AHi3 (one of the most commonly identified phases in such systems) 
provides a rough match to these two peaks and served as a guide to the type 
of structure involved in this phase. The phase is identified as a calcium 
magnesium aluminate hydrate [(C,M)4AHX] belonging to the solid solution series 
with endmembers C4AH13 and M4AH13. This phase was reported by Mascolo 
(1973) for calcium aluminate silicate glasses of variable magnesia content 
reacted with lime. Not only does the phase provide an excellent match for the 
0.771 nm and 0.387 nm  peaks, but the entire data set reported by Mascolo for 
(C,M)4AI^ can be identified accounting for the peaks at 0.259 nm, 0.230 nm, 
0.195 nm, and 0.153 nm. (The 0.153 nm peak overlaps with the (440) peak of 
C-S-H(I), also occurring at this position.) The relative intensities of these peaks 
also match (C,M)4AHX, thus providing convincing evidence of its presence. This 
result is notable in light of the historical difficulty of positively identifying 
phases from the XRD pattern of hydrated slag.
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5.2 Carbonation
There was no indication o f the presence of calcite in the XRD patterns 
o f the hydrated slag. Although the m ain peak of calcite (0.304 nm) is n ear that 
of the CSH(I) identified (0.306 nm) the resolution of the instrum ent was 
sufficient to  distinguish these two peaks. This was verified by adding synthetic 
CaC03 to the hydrated slag in varying proportions and collecting the XRD data 
presented in Figure 5.4. This shows that even with as little as 0.5% (by weight) 
calcite present, the highest po in t in the overlapped m ain peak is shifted to  the 
0.304 C aC 03 position. The nature of this shift was observed more closely with 
the results appearing in Figure 5.5 which presents data collected w ith a smaller 
step size (0.01°) and longer collection time at each step (10 second o r  10,000 
counts). With the presence of calcite, the narrow  0.304 nm  peak is 
superim posed on the shoulder of the broad CSH(I) peak and the resulting 
com posite peak has as its apex the 0.304 position. In the absence of calcite, the 
position o f the broad CSH(T) peak is distinguished. This data shows that the two 
peaks can be resolved and the hydrated slag contains no detectable CaCOa. In 
addition, in  Figure 5.4 it is observed that w ith as little as 0.5% CaC03 present, 
the o ther peaks o f calcite (e.g. 0.191, 0.187 nm ) are evident. These peaks do 
no t appear in  the hydrated slag patterns.
Thus it is concluded from the XRD patterns that the hydrated slag does 
not contain calcite. It was im portant to verify this since the phase 
identifications presented in this study depend  largely on  the 0.306 nm  CSH(I)
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Figure 5.4. XRD net intensity patterns for mechanical mixtures of 
NaOH-activated slag with 0%, 0.5%, 1.0%, and 2.0% calcite (by weight).
Figure 5.5. XRD n e t intensity patterns for the m ain peak 
at 0.304-0.306 nm  for mechanical m ixtures o f NaOH-activated 
slag w ith 0%, 0.5%, and 1.0% calcite (by weight).
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and the 0.387 nm (C,M)4AH, peaks which are both near prom inent calcite peaks 
and calcite very often appears in such materials due to carbonation. If these 
phases were caused by calcite, the current phase identifications w ould not be 
possible.
5.3 D iscussion o f  XRD, SEM, and EDS Results
The XRD patterns of the hydrated slag indicate the presence of a 
significant am ount o f glass as revealed by the continued presence of the broad 
glassy hum p at 20  -  32°. However, in the SEM images of this material, no 
unhydrated glass particles could be found. Two possible explanations are 
offered to address this apparent contradiction. One is that there is a large 
am ount of unreacted glass, bu t the hydrated binder fractures preferentially 
through the layered hydration product, even with freeze-fracturing. In this case, 
the unreacted glass w ould no t be exposed upon  fracture and thus w ould no t 
be revealed in the SEM images. An alternative explanation is that m ost o f the 
glass reacts producing the crude layered structure seen throughout the SEM 
work and that this reacted material is largely am orphous and produces its own 
glassy hum p in the XRD pattern in approximately the same position as the 
unreacted glass. Thus the broad hum p appearing in the hydrated slag pattern 
w ould not represent unreacted glass, bu t a combination o f unreacted glass and 
a new  am orphous phase with a slighdy different structure. This new  
am orphous phase w ould be what is observed as the widespread layered bulk
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material in the SEM images. W hether one of these explanations, o r a 
combination of both, is accurate could not be determined from the available 
data.
With two phases, C-S-H(I) and (C,M)4AHX, all the XRD reflections of the 
hydrated slag pattern are accounted for (with the exception of the merwinite 
peaks remaining from the unhydrated slag m entioned earlier). The presence 
of CSH(I) is consistent with the EDS results which found the Ca/Si ratio of the 
hydrated phases to fall in the range favoring tobermorite formation. The 
hexagonal platelets seen in the SEM micrographs are linked to (C,M)4AHX since 
neither straetlingite nor Ca(OH)2 (other hexagonal phases) are seen in the XRD 
data. As is the case w hen C4AH13 is identified in hydrated slags (Regourd 
1980), EDS reveals the presence of silicon in these hexagonal platelets.
Thus the crystalline products of hydration are (1) a calcium silicate hydrate 
structurally related to toberm orite with an interlayer spacing of 1.25 nm and 
containing many impurity atoms (mainly sodium, aluminum, and magnesium, 
as revealed by EDS); and (2) a calcium-magnesium aluminate hydrate with 
silicon and other atoms present as impurities. The effect of the impurity atoms 
on the structure of these phases is unknown, but they are assumed to 
contribute to the poor degree of crystallinity observed.
With the crystalline phases, as with the glassy material, it is not 
completely clear how to correlate the XRD data to the observed microstructure. 
One possibility is that the crystalline XRD reflections correspond only to the
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well form ed crystalline structures seen in the photom icrographs, with the low 
intensity and broad peaks due to the low abundance o f the crystals and 
com position differences in separate crystals of the same structure. A nother 
possibility is that, in addition to the well developed crystals, the crudely layered 
bulk m aterial consists o f poorly ordered layers similar to  those in the crystals 
and contributes to  these XRD reflections. It is difficult to make a sharp 
distinctions betw een these two views, i.e., it is difficult to  distin 
guish betw een the effect o f dilution o f the well crystallized material and  that 
produced by low crystallinity. Facing a similar dilemma, Dyczek and Taylor 
(1971) argued that the two situations are perhaps identical anyway, in that w hat 
is called low  crystallinity may really be dilution by less crystalline material. 
Thus, it is difficult to  determ ine the influence of the crudely layered bulk 
structure o n  the XRD pattern . It could contribute to the sharper reflections as 
a poorly crystalline phase o r  to the glass hum p as a nearly am orphous phase, 
o r both.
5.4  D iscussion  o f  Results With Respect to  Glass Structure
D ue to  the early set time of the alkali-activated slag and  the 
accompanying lack o f fluid w ater for m ost o f the hydration process, the 
hydration reactions are believed to take place principally through diffusion 
controlled in-situ conversion of the glass to  hydrates, rather than through 
dissolution of the glass and subsequent precipitation (Glasser, 1990). In
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considering such direct transformation, the structure of the unreacted glass is 
of obvious importance. Therefore, recent advances in the understanding of the 
structure of glasses can provide valuable insight to the analysis of the formation 
of hydrated phases described in this chapter.
The composition of the slag used in this study is similar to the 
composition of the pure glass studied by Gaskell.et al. (1991), especially with 
regard to Ca content (both glasses having Ca/(Si+AI) ratios of about 1). Thus 
the model presented for such calcium silicate glasses is expected to apply to the 
unreacted slag. In this model, the glass contains sheets of edge-linked CaOti 
octahedra similar to those in crystalline phases. These sheets exhibit medium- 
range order, but long-range order is lacking due to the presence of defects such 
as tearing, corrugation, and variations in connectivity. In ordered regions, these 
sheets are essentially parallel, with linked S i04 tetrahedra interleaved between 
them. In the granulated slag, other cations, mainly Al3+ and Mg2*, are present. 
According to Engelhardt et al. (1985), the Al is present either as a substitute for 
Si in the tetrahedral network or in the form of a neutral Al compound, not 
incorporated into the Ca-O sheets. W hether Mg is substituted for Ca o r is 
present elsewhere is not known at this point, though the MAS-NMR results 
presented in Chapter 6 may provide some insight.
The relationship between the glass structure described above and the 
structure of the crystalline hydration products, particularly CSH(T), is clear. 
Both crystalline phases, CSH(I) and (C,M)4AH;t, have a layered structure
consisting of octahedrally coordinated cations with H20 , OH-, and other cations 
between these layers. In the case of CSH(I), the octahedral layers consist 
almost exclusively of Ca2+ ions and are flanked by linked chains of Si tetrahedra. 
Thus, all that is required for the transformation is the diffusion o f H20  and O H ' 
into the glass structure and an increase in the degree of ordering. The 
structure o f the glass has a large influence on the types o f hydration products 
produced, with the changes in structure during hydration mainly involving 
modifications in the degree of ordering of the structural units already present 
in the glass (e.g. the Ca-O octahedral sheets and Si-O tetrahedral chains).
5.5 Proposed Structure for C-S-H in NaOH-Activated Slag
In light of the above discussion, a better estimate can now be given as 
to the nature o f the crudely layered bulk material found throughout the SEM 
analysis of the slag, and considered to be some type o f C-S-H based on  EDS 
analysis. The extremes o f unreacted and reacted materials are the glass with 
sheet-like structures displaying medium-range order and  hydrated crystals with 
an ordered layer structure. The crudely layered material obviously has a 
structural m akeup lying betw een these two extremes. This fact provides a 
reasonably clear picture o f the structure of the bulk material, since the extremes 
between which it lies are no t exceedingly different. The material can be 
described as having a layered structure comprised of octahedral sheets of edge- 
linked C a06 interleaved with linked S i04 tetrahedra and o ther constituents (Al3+,
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Mg2+, Na'H, H20 , OH-, etc.). The degree o f ordering in the layers ranges from 
the m edium -range order o f the glass to that o f well ordered structure o f layers 
o f CSH(I) and  (C,M)4AHX.
The description of the crudely layered material is thus approaching the 
m odel p roposed by Taylor (1986) for the C-S-H produced during the hydration 
of po rdand  cement. In that model, C-S-H gel is described as consisting of 
layers, w hich are chiefly structurally im perfect ones o f jennite, with a smaller 
p roportion  similarly related to toberm orite. In bo th  o f these structures, and 
especially in the toberm orite, many S i04 tetrahedra are missing from the chains. 
In addition, some of the AFm phase of hydrated portland cement paste could 
exist as individual layers mixed with those o f the jennite and toberm orite. The 
AFm phase refers to a group of com pounds o f form ula QAXnH,, (where X is an 
anion), o f which C4AH13 is a member. Since the CaO parts of these layers are 
related to the octahedral layers in Ca(OH)2, it is reported  that separate layers 
o f Ca(OH)2 could coexist with the jennite and  toberm orite layers producing a 
poorly ordered  material.
The hypothesis that m ost of the layers are im perfect layers o f jennite  is 
supported  in  the case o f C-S-H gel from portland  cem ent by the Ca/Si ratio of 
that m aterial, which has been found to generally range from a little over 1 to 
a little over 2 (Taylor 1986). The range of Ca/Si ratios calculated by Taylor for 
jennite and  toberm orite (based on silicate chain length) w ere 1.5 to  2.25, and
0.83 to  1.25. Thus the C-S-H gel from portland  cem ent lies mainly in the range
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favoring jennite, with the low end Ca/Si ratios dipping into the range for 
tobermorite. In contrast, the EDS analysis for the crudely layered structure in 
the NaOH-activated slag found the Ca/Si ratio to vary between 0.9 and 1.5, 
which would almost exclusively favor tobermorite over jennite. This is 
supported by the XRD data which reveal well developed layers of tobermorite. 
Thus the C-S-H in the NaOH-activated slag, observed as having a crudely layered 
structure, is proposed to consist mostly of imperfect layers of tobermorite.
In addition to the layers of tobermorite-like structure, the C-S-H in the 
NaOH-activated slag is hypothesi2 ed to contain individual layers of (C,M)4AHX 
just as the C-S-H in portland cement paste was proposed to contain layers of 
the AFm phase. This phase, while appearing prominently in the XRD pattern, 
cannot be found in any significant amounts in the SEM work. In addition, no 
regions could be found in which EDS analysis would indicate a predominantly 
calcium magnesium aluminate phase. The composition of the layered material 
certainly supports the presence of a mixture, indicating mainly a calcium silicate 
hydrate, but also containing significant amounts of Mg and Al.
Thus the C-S-H formed in NaOH-activated slag is believed to have a 
crudely layered structure, with most of the layers being imperfect layers of 
tobermorite, but with individual layers of (C,M)4AHX intimately mixed into the 
structure. The development of the tobermorite layers can be traced to the 
octahedral sheets of the glass structure, which are believed to consist almost 
exclusively of CaOs octahedra, and which are linked to pieces of silicate chains.
The octahedral sheets in the  glass are no t believed to contain Al based on  the 
conclusions o f Engelhardt e t al. (1985), and MAS-NMR results suggest that Mg 
is mainly present outside these layers (as will be discussed in Chapter 6). If this 
estimate of the nature o f the octahedral sheets in the glass is accurate, they 
would no t be expected to be the source of the (C,M)4AHjc layers, w hich are 
similar to those of Ca(OH)2, but contain Mg2+ and Al3+ substituted for Ca2+ in 
the octahedral layers. The site for the nucleation o f (C,M)+AH>. layers may 
instead be in the interlayers of the poorly ordered toberm orite structure. 
Kalousek and Roy (1957) suggested that in poorly crystalline toberm orites, HzO 
molecules may be coordinated around the interlayer Ca2+ or com bined into 
structural Ca(OH)2. Betw een the C a06 sheets in the glass, o r the toberm orite- 
like layers in the C-S-H phase, in addition to Ca2+, there will also be Mg2+ and 
Al3+ (along with o ther constituents). While tetrahedrally coordinated Al could 
be substituted in the silicate chains in the toberm orite layers, octahedrally 
coordinated Al is believed to occur, no t in the CaOfi sheets, but as a neutral 
species between layers. This Al, along w ith Mg not in the main toberm orite 
layers, w ould be available to  com bine with the HzO in the m anner suggested by 
Kalousek and Roy. Thus, rather than structural Ca(OH)2, layers o f (C,M)4AHX 
could develop.
The hypothesis is therefore that the C-S-H formed in this NaOH-slag- 
w ater system consists m ainly o f imperfect layers of toberm orite w ith layers of 
(CjM^AH, intimately m ixed into the structure. O ther cations are present, m ost
significantly Na+, but the nature of their incorporation into the structure is 
unknown. The degree of order varies throughout the material, with some 
regions well ordered enough to allow the development of individual crystals as 
observed by electron microscopy and x-ray diffraction.
Chapter 6 
MAS-NMR o f NaOH-Activated Slag
29Si and 27A1 magic-angle spinning nuclear magnetic resonance (MAS- 
NMR) m easurem ents were made to study the local structure in the glassy 
unhydrated GGIBFS and in the hydrated product. NMR gives information about 
the structure around a nucleus on a nearest neighbor and next-nearest neighbor 
scale, and does not require the presence of long range order as XRD does. One 
of the m ost im portant observations made from 29Si NMR deals w ith the 
polymerization o f S i04 tetrahedra (all the Si observed is in four-fold 
coordination). A higher degree of polymerization results in a m ore shielded 
(more negative in ppm  from TMS) nucleus. Polymerization is reported as Q" 
where n indicates the num ber of shared oxygen atoms in the tetrahedron. Thus 
Q° represents isolated tetrahedra with no shared oxygen atoms, Q 1 represents 
one shared oxygen atom  o r a chain endm em ber position, Q2 indicates a  chain 
m idm em ber orientation, Q3 reflects a sheet-like structure, and Q4 a three 
dimensional network of bound  tetrahedra. In addition, if alum inum  atoms are
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present in tetrahedral coordination, it is possible to resolve signals from silicon 
nuclei with different numbers of aluminum atoms in adjacent tetrahedra. The 
presence of aluminum in an adjacent tetrahedral position results in a less 
shielded (more positive in ppm  from TMS) silicon nucleus when compared to 
a silicon tetrahedron with the same polymerization but surrounded by other 
silicon tetrahedra. The main information gained from 27A1 NMR is the 
coordination of aluminum atoms, generally as either four-fold (tetrahedral) or 
six-fold (octahedral). The MAS-NMR work presented in this chapter was 
performed using the methods described in Chapter 3.
6.1 Results
The results of 29Si and 27A1 MAS-NMR collected using a 200 MHz 
spectrometer for unhydrated GGIBFS and for slag reacted with a 5 molar NaOH 
solution are shown in Figure 6.1. The 29Si pattern for the unhydrated slag 
shows a broad peak centered around -74 ppm representing chiefly a Q1, or 
chain endmember, structure. The broad peak width, about 15 ppm  at half­
maximum, is common in glasses and is due to a distribution of bond angles, 
bond lengths, and tetrahedral polymerization (Kirkpatrick, 1986). After 
hydration, a shift is seen to a more shielded (more negative) position and the 
peak is much narrower indicating a greater degree of order. Two general 
observations can be immediately made from these 29Si patterns. First, that the
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Figure 6.1. ^Si and ^Al MAS-NMR data for granulated iron 
blastfurnace slag and slag hydrated in 5 N NaOH solution.
degree of structural modification around the Si nuclei during hydration is not 
great, as reflected by the minor shift in peak position. Secondly, almost 
complete reaction is observed, with the broad glass peak almost absent in the 
pattern from the reacted material. The 27A1 data indicate the presence of both 
tetrahedrally and octahedrally coordinated aluminum in both the unreacted 
glass and in the hydrated binder. As with the 29Si data, the peaks in the NaOH- 
activated binder are narrower than in the glass, indicating a higher degree of 
order.
Upon closer investigation, the peak in the 29Si pattern for the NaOH- 
activated slag can be seen to consist of several overlapped peaks. To provide 
better resolution of these peaks, data was collected using a 500 MHz 
(11.7 Tesla) spectrometer and is presented in Figure 6.2. The data collected at 
high field from the unhydrated slag is similar in position and width to that 
collected at low field, indicating a dispersion of structural environments as 
described above. However, in the data for the hydrated material, several peaks 
reflecting individual structural environments can be resolved. The peaks are 
positioned at -78, -81, and -84 ppm with widths at half-maximum of 2 to 3 ppm. 
These narrow peak widths indicate a highly ordered material. The full-width at 
half-maximum for 29Si MAS-NMR data from crystalline silicates or ordered 
aiuminosilicates is typically 1-4 ppm (Kirkpatrick, 1986). A deconvoludon of the 
overlapped peaks was performed with the PeakFit™ spectroscopic curve-fitting 
package, using a Gaussian line shape for the unreacted glass peak, and
U n h y d ra te d  S lag Hydrated Slag
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Figure 6.2. 29Si MAS-NMR data for unhydrated  slag and  slag hydrated in  5 N 
NaOH solution collected using (a) 200 MHz and (b) 500 MHz spectrom eters.
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1 Lorentzian 0.1305964 -84.31054 1.9280684 0.3832252 6.3186316
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Figure 6.3. Simulation of the 29Si MAS-NMR spectrum for blastfurnace slag 
reacted in 5 N NaOH solution (water/slag ratio =  0.4).
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Lorentzian line shapes for the narrow er peaks o f the hydrated phases. The 
resulting sim ulation o f the data is presented in Figure 6.3.
6.2  Glass Structure
The broad peak observed in the 29Si MAS-NMR data for the unreacted slag 
approxim ates that reported  by Kirkpatrick (1986) for an akerm anite glass 
(Ca2MgSi20 7) in both  position and peak width. The com position of the slag is 
similar to that o f akerm anite and indeed u p o n  recrystallization at 900° C, the 
glassy slag is converted to  melelite (this was verified by XRD). Melelite is a 
m ineral group consisting basically of a solid solution series betw een gehlenite, 
Ca2(Al2S i)07l and akerm anite, Ca2(MgSi2)07, bu t usually also containing o ther 
cations. The structure of akermanite consists of Ca-O sheets linked to  layers of 
tetrahedrally coordinated Si and Mg. Within these tetrahedral layers, the S i04 
units are organized in to  dimeric chains, w ith Mg occupying tetrahedra linking 
the dimers. In gehlenite, A1 substitutes for all the Mg and half the Si. The 
reason for relating this structural inform ation is that the silicate structure of the 
glass is believed to be related to that in melelite.
The 29Si MAS-NMR spectrum  for the slag after recrystallization at 900° C 
is p resen ted  in  Figure 6.4, along with that o f the glass. The recrystallized slag 
produces a narrow  peak at about -73 ppm . XRD on this material revealed an 
intense, easily characterized pattern  o f melelite, and thus the strong peak in the
70
- 4 0 -100- 6 0 - 8 0
PPM
I J.
- 4 0  - 6 0  - 8 0  - 1 0 0
PPM
Figure 6.4. MSi MAS-NMR data for (a) unhydrated slag, and 
(b) unhydrated slag recrystallized at 900° C.
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29Si MAS-NMR data is attributable to the dimeric Si structure in  melelite, 
representing a Q 1 (chain endm em ber) unit. This is also consistent w ith data for 
crystalline akermanite reported  by Kirkpatrick (1986). The broad  peak 
produced by the glassy slag is roughly centered around  this structure, indicating 
a broader range of silicate environm ents in the glass. This is due to  variations 
in the Si-O-Si bond lengths and angles resulting from the lack of long range 
order, and  to possible variation in the num ber o f non-bridging oxygens in the 
silicate tetrahedra, i.e. variations in polymerization (Murdoch et al., 1985).
Thus, the MAS-NMR data provide new  insight into the structure of the 
unhydrated glassy slag. Based on  the w ork o f Gaskell et al. (1991), such glasses 
are believed to contain edge-linked C a06 octahedral sheets displaying m edium  
range order and connected to interleaved silicate tetrahedra. From the 29Si 
MAS-NMR data it is concluded that these silicate tetrahedra are linked mostly 
into dimeric structures sim ilar to those in melelite. In melelite, these dimeric 
silicates are also connected to tetrahedrally coordinated Mg2+. Since the  silicon 
environm ent in the glass is related to that o f melelite, the presence o f Mg in the 
glass is assum ed to be mainly in such tetrahedral positions, although there is 
no  direct experim ental evidence of this.
The 27A1 MAS-NMR data of the unreacted  glass indicate the presence of 
alum inum  in both tetrahedral and octahedral positions. The tetrahedrally 
coordinated Al is easily explained by substitution for Si and/or Mg in  the 
tetrahedral layers. The alum inum  in octahedral sites is assumed to  p resen t as
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some neutral species betw een the Ca-O layers as proposed by Engelhardt et al. 
(1985).
6.3 Structure o f  NaOH-Activated Slag
The 29Si MAS-NMR data for the hydrated slag activated by NaOH solution 
is dom inated by three narrow  peaks positioned at -78 ppm , -81 ppm , and -84 
ppm  indicating a high degree of order in the silicate structure. The structure 
can be characterized by comparing these peaks to those produced by various 
Si sites in tobermorite. 29Si MAS-NMR has been perform ed on many types of 
pure toberm orite and alum inum-substituted toberm orites over the past ten 
years, providing an excellent basis for such comparison in the literature (Wieker 
et al., 1982; Komameni et al., 1985a, 1985b, 1985c, 1986, 1987). The most 
intense peak, at -78 ppm , is identified as representing a Q1, o r chain 
endm em ber, structure in the toberm orite layers. The peak at -84 ppm  is 
attributed to Q2, or chain midmember, structural units, and the one at -81 ppm  
as a Q2(1AL) aluminum-substituted site, i.e. a chain midm ember site which 
shares one oxygen w ith an alum inum-substituted tetrahedron. The relative 
am ounts of these three structural units [Q1, Q2, Q2(1A1)] are reflected in  their 
respective peak areas in the 29Si MAS-NMR data, which are reported  in 
Figure 6.3. Combining this data with knowledge of the structure of toberm orite 
provides a clearer picture of the nature of the toberm orite layers in the CSH(I) 
produced. In pure tobermorite, the silicate chains are theoretically of infinite
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length and are kinked w ith repeat intervals o f three tetrahedra. In each interval 
of three tetrahedra, two are linked to (share oxygen atom s with) the Ca-O sheet. 
Variations in the silicate structure are reported to be mainly related to  the third, 
o r "bridging" tetrahedron which is no t linked to the central Ca-O p a rt o f the 
layer. It is in these tetrahedra that Al substitution is reported to  occur. 
Additionally, some o f these "bridging" tetrahedra could be missing, producing 
finite chains (Taylor, 1986). The absence o f a bridging tetrahedron produces 
two chain endm em bers o r Q1 units, while the presence of an alum inum  
tetrahedron in the bridging site produces two Q2(1A1) units (i.e. the two S i04 
tetrahedra adjacent to the AlO., tetrahedron are described as chain m idm em bers 
sharing one oxygen w ith an alum inum  tetrahedron). In addition, it m ust be 
noted  that the presence of a S i04 bridging tetrahedron produces three Q 1 units, 
the bridging tetrahedron and its two neighbors. Combining these facts w ith the 
peak areas reflecting each o f the three structural units, an indication of the 
distribution of the three possible bridging situations was gained. From the data 
in Figure 6.3, the ratio of the areas o f the peaks in the o rder Q 1:Q2(1A1):Q2 is 
approxim ately 6:3:1. Let the num ber of absent bridging tetrahedra be defined 
as a, the num ber A104 bridging tetrahedra as b, and the num ber o f S i04 
bridging tetrahedra as c. Then the num ber of Q1 sites =  2a, the num ber of 
Q2(1A1) sites =  2b, and  the num ber o f Q2 sites = 3c. Com bining this w ith the 
above gives a:b:c = 9:4.5:!. This indicates that the majority o f the bridging
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tetrahedra are absent, roughly a third are substituted with aluminum, and less 
than 10% are occupied by silicon.
The 27A1 MAS-NMR spectrum for the hydrated binder reveals the presence 
of both tetrahedrally and octahedrally coordinated aluminum. This is in 
contrast to hydrated portland cement which contains only octahedrally 
coordinated aluminum based on MAS-NMR data. The tetrahedrally coordinated 
aluminum in the NaOH-activated slag is accounted for by the substitution into 
the silicate structure of the CSH(I) formed as described above. The octahedrally 
coordinated Al is attributed to (C,M)4AHt.
6.4  D iscussion o f  MAS-NMR, XRD, SEM, and EDS Results
Although the intensities of the XRD reflections in hydrated slag are low, 
SEM observations indicated a high degree of reaction. A high degree of reaction 
is confirmed by the 29Si MAS-NMR data. Based on the spectrum in Figure 6.3, 
only about 20% of the glass structure remains after 4 m onths of cure time. This 
strongly contradicts previous reports that only about 20% of the glass is 
involved in the reaction of alkali-activated slag.
Based on the SEM, EDS, and XRD data, and on recent advances in the 
understanding of glass structure, a model was proposed in Chapter 5 for the C- 
S-H produced by NaOH-activation of the slag. The MAS-NMR results both 
support and add new  detail to this model. The C-S-H was described as being 
similar to Taylor’s proposed structure for C-S-H in portland cement, bu t being
comprised mainly o f poorly  ordered layers o f toberm orite rather than jennite. 
This difference from portland  cem ent is supported  by the 27A1 MAS-NMR data 
which revealed the presence of tetrahedrally coordinated alum inum  in the 
hydrated slag. Similar data from hydrated portland cem ent indicate the 
presence of alum inum  exclusively in octahedral sites. Unlike C-S-H gel in 
portland  cement, toberm orite is well docum ented as a m aterial which 
undergoes Al-substitution in its tetrahedral silicate chains (Komameni et al., 
1985a,b). Thus the hypothesis that the C-S-H layers in the hydrated slag are 
related to those o f toberm orite, rather than to those of C-S-H gel in  hydrated 
portland cement, is well supported. The presence of a tobermorite-like 
structure is also supported  by the 29Si MAS-NMR data, which no t only support 
the presence of layers o f toberm orite, bu t also reveal the nature o f the 
modifications to the silicate chain structure in these layers. The narrow  29Si 
NMR peaks produced indicate a high degree of order in the silicate structure,
i.e., bond  lengths and bond  angles o f similar structural units , and  their 
relationship to the surrounding structure are consistent th roughout the 
material. The C-S-H consists mainly o f dimeric structural units linked to the 
central Ca-O sheets, w ith a significant am ount of Al in bridging tetrahedral sites 
linking these dimeric units, bu t with little Si in such sites.
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6.5 D iscussion o f  the Influence o f  the Glass Structure o n  the 
Hydrated Phases Formed
29Si MAS-NMR provides direct evidence of the close relationship between 
the structural units in the unreacted glass and in the hydrated NaOH-activated 
binder. The silicate structure in the glass was found to be mainly dimeric, with 
Q1 units similar to those in melelite. These dimers are linked to the Ca-O 
sheets described by Gaskell et al. (1991) producing a glass with regions of 
medium-range order approximating the structure o f crystalline melelite. The 
deviation from crystallinity is due to defects such as tearing in the Ca-O sheets 
and variations in the silicate structure. These variations in the silicate structure 
are attributed to a range of Si-O-Si bond lengths and bond angles and degree 
of polymeriaation, which cause the broad peak seen in the 29Si MAS-NMR 
pattern. Also, the 27A1 MAS-NMR data indicate the presence of tetrahedrally 
coordinated aluminum substituted into this silicate structure.
The most prom inent structural unit in the silicate structure o f the 
hydrated slag is the Q1 unit of tobermorite. Thus the polymerization of most 
of the silicate tetrahedra is unchanged during the reaction, with the m ain shift 
being one from a Q1 unit o f melelite to a Q1 unit of tobermorite. Therefore the 
reaction mainly involves a change in the bond lengths and bond angles of the 
dimeric structural units, along with an increase in the degree of ordering. 
Furthermore, all the peaks in the hydrated slag, those representing Q 1, Q2(1A1),
and Q2 structural units, lie within the range of ppm  values covered by the broad 
peak of the glass, although its breadth is admittedly considerable. This does, 
however, rule out the presence of more highly polymerized silicates like zeolites 
(Q4), which has been suggested in the literature (Tailing and Brandstetr, 1989).
Chapter 7
Effects of Time, Temperature, and pH on the 
Development of Physical and Microstructural 
Properties in NaOH-Activated Slag Binders
The preceding chapters have provided a description the hydration 
products of the reaction o f iron blastfurnace slag in NaOH solution. This has 
been accomplished through  characterization by SEM, EDS, XRD, and MAS-NMR, 
and the interpretation o f these results and previous studies. With the resulting 
knowledge of the phases produced, analysis o f the influence of time, 
tem perature, and pH, on  their developm ent is possible. In addition, correlation 
of the developm ent o f these phases to the compressive strength of the 
hardened binder was possible.
This chapter reports studies done in these two areas. Samples ofNaOH- 
activated slag were p repared  at different pH values, cured at varying 
tem peratures, and tested alter different tim e intervals. Characterization using 
SEM, EDS, XRD, and NMR tracked the developm ent of the phases identified in 
the preceding chapters. In addition, unconfined compressive strength tests
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were performed to correlate microstructure with physical properties. The 
materials, sample preparation techniques, and experimental parameters are as 
described in Chapter 3 unless otherwise stated.
7.1 Time
7.1.1 Unconfined Compressive Strength. Unconfined compressive strength tests 
were performed on 2" (5-08 cm) cubes prepared from slag reacted in a 5 N 
NaOH solution with a water/slag ratio of 0.4. The results of these tests are 
presented numerically in Table 7.1 and graphically in Figure 7.1. Also 
appearing are results for samples prepared using a 1.5 N NaOH solution, which 
will be discussed in section 7.2. The numerical data in Table 7.1 represent the 
mean values obtained from triplicate analyses along with their standard 
deviations. Rapid strength gains are observed, with the 28-day strength 
reaching about 5500 psi (38 MPa).
7.1.2 X-ray Diffraction. X-ray powder diffraction was performed on samples 
prepared by reacting slag with 5 N NaOH at the same time intervals used for the 
strength testing. XRD net intensity patterns appear in Figure 7.2. The 
development of the crystalline phases identified in Chapter 5 can thus be 
tracked as a function of time. The amount of crystalline material increases with 
time, as revealed by the increase in the intensity of the XRD reflections. A more 
subde observation is that the relative intensities of the peaks at 1.25 and
80
Table 7.1. Unconfined compressive strength data for 2" cubes of slag hydrated 
in 5 N and 1.5 N NaOH solutions at a water/slag ratio of 0.4. Results of 
triplicate tests presented in psi (MPa).
Soln. 1 Day 7 Days 28 Days
5 N 1830 + 40 
(12.6 + 0.3)
3420 + 300 
(23.6 + 2.0)
5490 + 300 
(37.9 + 2.0)
1.5 N 965 + 141 
(6.7 + 1.0)
1570 + 50 
(10.8 + 0.3)
3080 + 240 
(21.2 + 1.7)
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Figure 7.1. Unconfined compressive strength data for blastfurnace slag hydrated 
in 5 N and 1.5 N NaOH solutions. Data represent mean values of triplicate tests 
performed on 2" cubes prepared using a water/slag ratio of 0.4.
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Figure 7.2. XRD net intensity patterns for NaOH-activated slag collected after 
1, 7, and 28 days o f curing. Samples were prepared using 5 N NaOH solution 
and  a  water/slag ratio of 0.4.
0.77 nm  increase with respect to the peak at 0.306 nm  as more time elapses. 
As discussed in Chapter 5, the 0.306 nm  peak is an hkO peak of toberm orite 
and thus reflects the degree of ordering within the layers of this phase, while 
the peak at 1.25 nm represents ordering in the direction perpendicular to these 
layers, and  the 0.77 nm  peak is produced by (C,M)4AH*. Since these peaks 
represent different aspects o f the structure o f the hydrated material, some 
conclusions can be drawn from the changes in their relative intensities. After 
one day o f hydration, the XRD pattern is dom inated by the 0.306 nm reflection, 
with those at 1.24 and 0.77 nm  displaying very low relative intensities. This 
indicates that the presence of long range order is largely restricted to w ithin the 
toberm orite layers at this stage of reaction. Similar tracking of the ordering 
within the octahedral layers o f (C,M)4AHJt is not possible because none o f  the 
hkO peaks of this hexagonal phase are very strong. (Of the peaks identified for 
(C,M)4AHX, all but the one at 0.230 nm  are 001 reflections. The 0.77 nm  peak 
is the 001 reflection.) As hydration continues, the relative intensities o f the 1.25 
and 0.77 nm  peaks increase, and after 28 days they each attain intensities of 
roughly 2/3 that of the 0.306 nm  peak. The increase in the relative intensities 
o f the 1.25 and 0.77 nm  peaks reflects an acceleration in (1) the developm ent 
o f ordering perpendicular to the toberm orite layers w ithin the CSH(I) phase, 
and (2) ordering in the c-direction o f (C,M)4AHX.
These observations are consistent with the proposed reaction m echanism  
of direct conversion of the glass produced by the diffusion of OH“ and H20
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(and Na+) into the glass structure, and the resulting influence of the glass 
structure on the hydrated phases which are formed. The early stages of 
hydration involve mainly an increase in the ordering within the octahedral 
layers present in the glass. As hydration proceeds, ordering within these layers 
continues to increase, bu t is accompanied by greater ordering of these layers 
into a three dimensional structure.
7.1.3 29Si MAS-NMR. The nature of the silicate structures reflected by the 29Si 
MAS-NMR spectra for unreacted slag and slag hydrated in 5 N NaOH solution 
were described in Chapter 6. The unhydrated slag produced a broad peak at 
about -74.5 ppm  attributed mainly to a dimeric (Q1) structure similar to that in 
the mineral melelite. Hydration produced three new  peaks, which were 
narrower (indicating greater structural ordering) and reflected Q1 (-78 ppm), 
Q2(1A1) (-81 ppm), and Q2 (-84 ppm) structures similar to those in tobermorite. 
In order to trace the development of this change in silicate structure, a time 
resolved 29Si MAS-NMR study of the NaOH-activated slag was performed. Data 
were collected using a 200 MHz (4.7 T) spectrometer, and thus the individual 
peaks of the hydrated material are highly overlapped. All samples were 
prepared using a 5 N NaOH solution and a 0.4 water/slag ratio (as with the 
unconfined compressive strength and XRD data presented above).
The results from this time resolved study are presented in Figure 7.3. 
The transformation of the silicate structure from that of the glass to that of the
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Figure 7-3- 29Si MAS-NMR data for NaOH-activated slag collected at 
various cure times. All samples were p repared  using 5 N NaOH solution 
an d  a water/slag ratio o f 0.4.
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hydrated phases can be easily followed. A high degree of reaction is observed 
with the transform ation proceeding rapidly in the early stages and more 
gradually as time passes, as would be expected for a diffusion controlled 
process.
In order to provide a m ore quantitative analysis of this data, 
deconvolution of the peaks was perform ed using the PeakFit™ spectroscopic 
curve fitting package. Fitting was first perform ed on the pattern for the 
unhydrated slag, which was simulated by a Lorentzian peak of full w idth at half 
maximum (FWHM) of 15.7 ppm  centered at -74.5 ppm , as shown in Figure 7.4. 
Next, the spectrum  for the 28-day sample was simulated by a superposition of 
this peak and  three new  Lorentzian peaks. In  this fit, the position and width 
of the peak from the unreacted slag were fixed at the values obtained above. 
The m easured values for the positions o f the new  peaks were -78 ppm , -81 
ppm , and -84 ppm  (see Figure 7.5), just as with the better resolved spectrum  
obtained using the 500 MHz spectrom eter presented in Chapter 6 (Figure 6.3). 
For the simulations of the spectra, the peak positions and widths o f the three 
new  peaks in the hydrated material were fixed at the values obtained from the 
28-day sample, as were the position and width of the peak from the unhydrated 
glass. Thus, only the relative intensities of these peaks were allowed to vary, 
and the relative am ounts o f the unhydrated and hydrated material could be 
derived from their relative peak areas. Using this m ethod, significant residual 
intensities (the difference between the observed data and the simulated
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Peak# Type PkAmpl PkCtr Wid@HM Area %Area
1 Lorentzian 1.0001788 -74.45428 15.740769 21.113441 100
Figure 7-4. Simulation of the 29Si MAS-NMR spectrum for unreacted slag by a 
Lorentzian spectral-line shape.
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Figure 7.5. Simulation of the 29Si MAS-NMR spectrum  for 28 day o ld  NaOH- 
activated slag using Lorentzian spectral-line shapes.
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spectrum) were produced in the analysis o f the early (<  1 day) stages of 
hydration. This can be explained by the fact that the material analyzed is not 
simply a mechanical mixture of the unreacted and hydrated phases, b u t also 
contains interm ediate structural species. By adding more peaks o r allowing all 
the param eters in the fit to vary, a better fit could be m ade to the data, bu t this 
would be purely a curve-fitting exercise and chemical interpretation w ould not 
be possible.
Complete results from all the simulations, including those presented in 
Figures 7.4 and 7.5, are given in Appendix B. These results include the 
simulated spectra, residuals spectra, standard errors for all calculated 
parameters, and r2 and %2 values. The results are summarized in Figure 7.6, 
which shows the decrease in the relative am ount of the unreacted glass as a 
function of time. Approximately a third of the glass has been consum ed within 
the first day of hydration, with roughly another third reacting in the ensuing 
27 days.
7.1.4 Correlation o f M icrostructural Development to Compressive Strength. The 
developm ent o f compressive strength with time is obviously accompanied by an 
increase in the am ount o f crystalline material as observed in the XRD data and 
an overall increase in the degree of reaction evidenced in the 29Si MAS-NMR 
results. All three sets o f results indicate that the reaction proceeds very rapidly 
at first, with the reaction rate decreasing with time.
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Figure 7.6. Consumption of glass and development of hydrated phases in 
NaOH-activated slag as a function of reaction time, calculated from simulations 
of 29Si MAS-NMR data using Lorentzian spectral-line shapes.
While attempts have been m ade previously to correlate strength to the 
types and amounts of crystalline material produced in such binders, the MAS- 
NMR data provide new  and probably better insight to the source of strength 
development. The SEM results presented in Chapter 4 revealed that the 
crystalline products represent only a small fraction of the hydration products 
and are volumetrically insignificant. The reacted material is mainly a nearly 
am orphous to nearly crystalline C-S-H with a layered structure consisting of 
poorly developed layers o f toberm orite and (C,M)^AH1. Observation of the 
development of this material is thus better facilitated by MAS-NMR than XRD. 
The NMR results give direct evidence of the high degree of reaction and a rate 
o f transform ation which correlates very well w ith the rate of strength 
development. Furthermore, correlation of strength to this C-S-H phase is more 
consistent with the current understanding of the nature o f ordinary portland 
cement, in which strength is attributed mainly to C-S-H gel. The significance 
in the analysis of the crystalline material by XRD thus lies in the structural 
relationship between the crystalline products and the less ordered C-S-H. Thus 
the observations made in Section 7.1.2 may be applied to this C-S-H. The early 
stages o f reaction involve mainly the rearrangem ent o f the Ca-O sheets in the 
glass into poorly ordered layers o f tobermorite, with ordering into a three 
dimensional structure following. The appearance of well developed crystalline 
material is no t necessarily the cause of strength, bu t rather an indication o f the 
degree of reaction.
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7.2 pH
7.2.1 Unconfined Compressive Strength. Testing was perform ed on 2" (5.08 cm) 
cubes prepared by reacting slag in 1.5 N NaOH solution with a water/solids 
ratio o f 0.4. The samples were identical to those referred to in Section 7.1.1 
with the exception of the concentration of the activating solution. The 5 N 
NaOH solution corresponds to a pH of about 14.7 and the 1.5 N solution to 
about 14.2. The results of the compressive strength testing were presented in 
Table 7.1 and Figure 7.1. The pH of the activating solution is observed to have 
a great effect on the developm ent o f unconfined compressive strength, with the 
5 N samples exhibiting roughly twice the strength of the 1.5 N samples at each 
stage during the hydration process at which testing was performed.
7.2.2 X-ray D iffraction. A comparison of the XRD net intensity patterns for the 
28 day old samples produced by 5 N and 1.5 N NaOH solutions appears in 
Figure 7.7. The higher pH  sample clearly produces a higher degree of reaction, 
at least as revealed in the XRD data. In the binder produced at lower pH, not 
only are the peak intensities, but the 1.25 nm peak is absent altogether, with 
only a broad, low intensity hum p present in that vicinity to indicate ordering 
in the c-direction of CSH(I). The main peaks of (C,M)4AHX are present, 
indicating its presence in small amounts, as are the hkO reflections o f CSH(I).
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Figure 7.7. XRD net intensity patterns for hydrated slag produced by 5 N and 
1.5 N NaOH soludons. Samples w ere p repared  using a water/slag ratio  o f 0.4 
and XRD data was collected after 28 days o f reaction.
Thus some conclusions are m ade from the XRD data for samples 
produced at lower pH (14.2). The production of crystalline material is 
considerably less than for samples reacted at higher pH (14.7). The 
restructuring of the sheet-like structure in the glass into toberm orite layers is 
evidenced by the hkO reflections o f CSH(I), however, there is little if any 
rearrangem ent of these layers into an ordered three dimensional structure. 
(C,M)4AHx, which is believed to nucleate betw een the tobermorite layers, is 
present in small amounts.
7.2.3 29Si M AS-NM R. 29Si MAS-NMR data for 28 day old samples prepared by 
reacting slag at a 0.4 water/slag ratio using 5 N (pH = 14.7) and 2 N (pH = 
14.3) NaOH solutions appear in Figure 7.8. The lower degree of reaction is 
highly evident in the MAS-NMR data for the lower pH  sample. The unhydrated 
glass peak is still prom inent, with the peak shape resembling a peak produced 
at higher pH after only 1 day (see Figure 7.3), indicating that only about a third 
o f the glass has reacted. The position of the main hydrated peak (-78 ppm ) is 
the same in both samples. Based on this fact, and on the XRD data it is 
concluded that the same types of reactions are taking place at lower pH, with 
the m ain difference being in the degree to which these reactions proceed.
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Figure 7.8. 29Si MAS-NMR data for hydrated slag produced by 5 N and 1.5 N 
NaOH solutions. Samples were prepared using a water/slag ratio of 0.4 and  29Si 
MAS-NMR was performed after 28 days of reaction.
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7.2.4 Discussion. It is concluded that essentially the same reactions take place 
at NaOH concentrations o f 1.5-2 N as at 5 N, bu t with m uch less reaction taking 
place and litde ordering in the c-direction of the tobermorite-like material. The 
influence of this reduced reaction on compressive strength is significant, 
producing binders with roughly half the strength of the higher pH samples.
7.3 Temperature
To observe the effect of curing tem perature on the developm ent o f the 
hydrated phases and on  the compressive strength, a series of tests was 
perform ed in which samples were cured at elevated tem perature during the 
early stages of hydration. For these tests, a different mixture was used to 
produce the binder from that used in the earlier results. Therefore, before 
examining the effect o f tem perature, the mixture will be described and 
com pared to the one used previously. The purpose of this comparison is to 
establish that the same reactions are taking place using both  mixtures and the 
effect o f tem perature observed in these samples is thus applicable to the NaOH- 
activated system in general. This section is not presented in order to  draw 
conclusions about an optim um  mixture from an engineering poin t o f view, but 
solely to examine the effect of tem perature. The different mixture was used 
because this work was done in coordination with a larger study o n  alkali- 
activation of slag/soil mixtures, and the experimental param eters had to be 
consistent with that study.
7.3.1 Experimental Procedure. Samples were prepared by reacting the slag in 6 
N NaOH solution (pH = 14.8) using a water/slag ratio of 0.33. In order to 
accommodate mixing at this low water level, the superplasticizer Daracem™-100 
was added to the mixing water at an amount of 3.75% by volume. 
Daracem™-100 is a high-range water reducer. A highly effective dispersing 
agent, it is absorbed onto the surfaces of cement particles, imparting negative 
electrical charges which cause the particles to repel each other. This helps to 
separate particles that would otherwise clump together and allows more 
particles to react with the water, resulting in more complete and efficient 
hydration. The dispersing action, through reducing inter-particle friction, also 
has a lubricating effect, creating a more workable mix. The superplasticizer 
reportedly does not take part in any hydration reactions.
After mixing, the material was pu t into 3 in. x 6 in. (7.62 cm x  15.24 cm) 
cylinders and vibrated for 2 minutes to aid settling. Testing was performed on 
samples cured at temperatures of 23°, 50°, and 80° C during the early part of 
hydration. Samples cured at room temperature were placed in an 
environmental chamber at 23° C and 95-100% relative humidity; those cured at 
elevated temperatures were placed in an oven with an open container of water 
to provide moisture. Samples were tested after 5 hours and 2 days. In 
addition, samples were tested after 28 days of cure at room temperature and 
after 2 days at 80° C followed by 26 days at room temperature. These latter
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tests were perform ed to explore effects in older samples of early cure at 
elevated temperature.
7.3.2 Comparison to Previous Mixtures. The compressive strengths attained using 
this mixture (to be presented in Section 7.3-3) are comparable to those from 
the samples produced using 5 N NaOH solution and 0.4 water/slag ratio. More 
importantly, the XRD data (to be presented in Section 7.3.4) reveals that the 
same crystalline phases are produced. This is taken as evidence that the same 
reactions are taking place and that the superplasticizer is no t directly involved 
in the reactions. The effects of tem perature on the gain in compressive strength 
and on  the developm ent o f the hydrated phases are therefore considered to be 
representative of the NaOH-activated slag system in general.
7.3.3 Unconfined Compressive Strength. The results of triplicate tests perform ed 
on samples prepared and  cured as described above appear in Table 7.2 and 
Figure 7.9. The effect o f elevated tem perature is evident, with the strengths 
attained after only 2 days at 80° C being comparable to those produced after 
28 days at room tem perature. In addition, the effect o f early curing at an 
elevated tem perature persists, with the 28 day old samples cured at 80° C in the 
early stages o f hydration displaying significantly higher strengths than samples 
cured at room  tem perature for the entire 28 day period.
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Table 7.2 Unconfined compressive strength data for 3" x 6" cylinders o f slag 
hydrated in 6 N NaOH solution at a water/slag ratio of 0.33 and with 
superplasticizer added. Results of triplicate tests presented in psi (MPa).
Temp. 5 Hours 2 Days 2 8 Days
23° C 1740 + 410 
(12.0 + 2.8)
3080 + 150 
(21.2 + 1.0)
5220 + 940 
(36.0 + 6.5)
50° C 3130 + 380 
(21.6 + 2.6)
4300 + 430 
(29.6 4- 3.0)
80° C 4210 + 130 
(29.0 + 0.9)
5170 + 490 
(35.7 + 3.4)
6140 + 1560* 
(42.3 + 10.8)
'Samples cured for 2 days at 80°C followed by 26 days at 23°C
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Figure 7.9. Unconfined compressive strength data for NaOH-activated slag 
cured at different tem peratures during the first 2 days of hydration. Data 
represent m ean values o f triplicate tests perform ed on  3" x  6" cylinders 
prepared using 6 N NaOH solution and water/slag ratio of 0.33 and the addition 
of a superplasticizer.
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7.3.4 XRD and SEM. The effect of early cure tem perature on the development 
of the CSH(I) and (C,M)4AHX phases can be observed in the XRD data presented 
in Figure 7.10. The data was collected from samples prepared as described in 
Section 7.3-1 and cured for 4 days at tem peratures of 23, 50, and 80° C. At the 
elevated temperatures, the same phases [CSH(I) and (C,M)4AHI] are observed 
as at room temperature, bu t the intensities of the XRD reflections increase with 
temperature, indicating an increased degree of reaction. In addition, the 
relative intensity of the 1.25 nm peak is found to increase with temperature. 
For the samples cured at 80° C, the intensity of the 1.25 nm peak is roughly 
80% that of the main peak at 0.306 nm, and is very narrow. This reveals a great 
deal of ordering in the c-direction of the tobermorite-like structure o f CSH(I). 
The increased crystaliinity o f the samples cured at elevated tem perature was 
also evident in SEM observations. Regions of very high crystal content were 
found, with groupings of equidimensional and hexagonal crystals and crystal 
growing to dimensions of ten of micrometers. Photomicrographs from such a 
region are presented in Figures 7.11 and 7.12.
7.3.5 Discussion. As was the case in the analysis of the effects of time and pH, 
the temperature dependent study reveals that increased strength is associated 
with an increased degree of reaction, as expected. Early curing at elevated 
tem peratures was found to improve strength properties during this early cure 
time and to have a positive effect on the ultimate strength of the material. The
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Figure 7.10. XRD net intensity patterns for NaOH-activated slag cured  for 
days at tem peratures o f 23°, 50°, and 80° C. Samples w ere prepared using 6 
NaOH solution and water/slag ratio o f 0.33, w ith the addition o f a 
superplasticizer.
Figure 7.11. SEM photom icrograph of NaOH-activated slag cured at 80° 
(magnification = 2300 x, bar scale = 10 /xm)
Figure 7.12. SEM photomicrograph of NaOII-activated slag cured at 80° C. 
(magnification = 3000 x, bar scale = 1 jam)
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increased strength properties are accompanied by an increase in the am ount of 
crystalline hydration products and particularly with increased ordering in the 
c-direction of the CSH(I) phase.
7 .4  D iscussion  o f  Tim e, pH , and Tem perature Effects
The unconfined compressive strength was found to increase with 
increasing time, pH, and temperature, within the range of values o f these 
parameters studied. In all samples studied, the same hydrated phases were 
formed as described earlier [crystalline CSH(I) and (C,M)4AHt, and the poorly 
crystalline C-S-H phase]. The degree of reaction increases with increasing time, 
pH, and tem perature in correlation with the strength. The strength of the 
material is attributed mainly to the C-S-H phase, since it accounts for the 
majority of the hydrated material. This is in agreement with ordinary portland 
cement technology in  which the C-S-H phase, though different from that 
observed here, is considered to be most responsible for the strength of the 
material. The effect of the better crystallized phases in the NaOH-activated slag 
cannot be assessed independently from the C-S-H phase since their structures 
are closely interrelated. An increase in the amount of crystalline products is an 
indication of a higher degree of reaction and is accompanied by an increase in 
the am ount of the C-S-H phase and increased ordering within this phase. For 
lower degrees of reaction (those associated with earlier time, lower pH, and/or 
lower temperature), the structural effects are restricted more to ordering within
the octahedral layers, producing tobermorite-like layers. With greater reaction 
ordering in the c-direction o f the CSH(I) phase, perpendicular to these layers, 
is accelerated. The resultant ordering of the layers in to  a more rigid three 
dim ensional structure enhances the strength o f the material.
Chapter 8
Hydration of Slag Using Different Activators
To this point, investigations have been restricted to the NaOH-activated 
slag binders in order to gain a comprehensive understanding of that system. 
The degree to which the results from these studies can be applied to alkali- 
activation in general is explored in this chapter. Through the examination of 
cementitious materials produced by activation of granulated blastfurnace slag 
in solutions of various alkali and alkaline earth metal hydroxides, an assessment 
is m ade of the generality of the NaOH results, in concurrence w ith an 
investigation of the effect o f the ionic charge and radius of the activating cation 
on the hydration products and microstructure.
8 .1  Experim ental Procedure
Samples were prepared by mixing the granulated slag in solutions of 
various activators at a water/slag ratio of 0.4. The activators used w ere alkali 
metal hydroxides o f Li, Na, and K, and alkaline earth metal hydroxides o f Ca,
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Sr, and  Ba. Properties o f these activators, such as solubility and ionic radius, 
are presented in Table 8.1. The solubility, limits for hydroxides of the divalent 
(alkaline earth) cations are significantly lower than those for the hydroxides of 
the m onovalent (alkali) cations, and exclude the possibility of forming high pH 
solutions like those form ed using NaOH (e.g. 5 N NaOH solution with 
pH = 14.7). For the samples produced using the hydroxides o f divalent (alkaline 
earth) cations, the mixing solutions were prepared  at their respective solubility 
limits, giving pH  values o f about 13. Solutions involving the m onovalent (alkali) 
cations w ere prepared bo th  at low pH (12-13), to  com pare results to those from 
the divalent activators, and  at high pH (14.7), to com pare to  the earlier results 
for NaOH-activated slag.
8.2  R esults
XRD net intensity patterns for slag activated by 5 N solutions o f the 
m onovalent m etal hydroxides KOH, NaOH, and LiOH (p H = l4 .7  in  all three 
cases) appear in Figure 8.1. The patterns are alm ost identical, indicating that 
the effect o f the ionic radius o f the activating cation on  the reactions in these 
mixtures is negligible. The same hydrated phases are form ed in all three 
mixtures, and these phases have been well characterized in  the preceding 
chapters. This was corroborated by SEM, w hich revealed similar m icrostructural 
characterisdcs for all samples, with no  obvious dependence on the particular 
m onovalent hydroxide used. As was the case w ith NaOH-activation, EDS
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Table 8.1. Properties of Activators
Formula For. Wt. r“
(A)
eb Solubility0
(gm/L)
pHd
LiOH 23.95 0.82 1 128<20) >14
NaOH 40. 00 1 . 1 0 1 42O<0> >14
KOH 56.11 1.46 1 1070(15> >14
Ca (OH) 2 74. 09 1.08 2 1.85(0) 1 2 . 68
Sr (0H)2* 8H20 265.77 1 . 2 1 2 9 (0) 12.83
Ba (OH) 2* 8H20 315.48 1.44 2 56{0> 13.54
“Ionic radius of the cation. 
bCharge of cation.
“The superscript refers to the temperature (°C) at which solubility was 
determined. Data from Weast, Handbook of Chemistry and Physics. 
dThc pH was calculated for the saturated solution.
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Figure 8.1. XRD ne t intensity patterns for hydrated slag produced using  5 N 
solutions of the m onovalent metal hydroxides LiOH, NaOH, a n d  KOH 
(p H = l4 .7  for all three solutions). Samples were prepared using a water/slag 
ratio of 0.4 and XRD data was collected after 28 days of reaction.
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revealed that Li and K were dispersed throughout the hydrated phases in their 
respective samples.
When samples were prepared using the alkali metal hydroxides at lower 
concentration, the same results were encountered as described in the last 
chapter for NaOH-activated slag. A much lower degree of reaction was 
observed, with little if any ordering in the c-direction of the CSH(I) phase. 
XRD net intensity patterns for NaOH- and KOH-activated samples formed at low 
concentrations (pH=12.5) contain weak peaks of (C,M),jAHx and weak hkO 
peaks of CSH(I), but no 1.25 nm peak. These patterns are presented in 
Figure 8.2, along with those produced using saturated solutions of the divalent 
activators [Ca(OH)2, Sr(OH)2, Ba(OH)2]. The remarkable similarity among the 
patterns in Figure 8.2 provide strong evidence that the same phases are being 
formed in all these mixtures, and that these phases are formed in similar 
amounts. These mixtures produce less reaction than is attained at high 
pH (14.7), with small amounts of (C,M)4AHX and layers of tobermorite-like 
structure formed, but with no ordering of the tobermorite layers into an 
ordered three dimensional structure. These results are observed in all low 
pH (12-13) samples, regardless of the ionic charge or radius of the activator 
cation.
Similar results were obtained from 29Si MAS-NMR, with the degree of 
reaction depending on the pH of the solution rather than on the particular type 
of activator used. This can be seen in Figure 8.3, in which a sample activated
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Figure 8.2. XRD net intensity patterns for hydrated slag produced using 
saturated solutions of divalent metal hydroxides Ca(OH)2, Ba(OH)2, and 
Sr(OH)2; and solutions of monovalent metal hydroxides NaOH and KOH at 
concentrations producing comparable values of pH. Samples were prepared 
using a water/slag ratio of 0.4 and XRD data was collected after 28 days (or 
more) of reaction.
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Figure 8.3. 29Si MAS-NMR data for slag hydrated in solutions o f various 
activating hydroxides.
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by 5 N KOH solution is observed to reflect a high degree of reaction, while one 
activated by saturated Ca(OH)2 (pH=12.7) is more comparable to that to a 
2 N NaOH-activated sample. In both the Ca(OH)2 and 2 N NaOH activated 
samples, the unhydrated glass peak is still prom inent indicating a lower am ount 
of glass has been consumed. The 29Si MAS-NMR data reveal a slight difference 
in the patterns for the hydrated phases formed from different activators. Thus, 
although the same phases are being formed, the activating cation has some 
effect on the local structure around the silicon atoms in these phases. The 
exact nature of this effect could not be determined from the available data.
SEM of samples activated by divalent activators showed the bulk of the 
material to be composed of poorly defined layered structures similar to  the 
material seen in samples activated by NaOH. The am ount of Sr and Ba detected 
by EDS in their respective samples was always small as was expected due to 
their low concentrations (compared to the 5 N solutions produced using the 
monovalent activators) in the saturated solutions.
8.3 D iscussion
From the results o f the testing using different activators, the only 
param eter which was found to have a detectable effect on the degree of 
reaction observed, o r the hydration products produced, was the pH of the 
activating solution. At a given pH, no effect was observed by varying either the
115
charge or the radius o f the activating cation. The only effect o f using the 
divalent activators (e.g. C a ^ H )^  is that their solubility limits restrict the 
solution to lower pH  (<14), and thus reduce the degree of reaction.
Absence of the 1.25 nm  peak in the XRD data was observed in all the  low 
pH  samples described in this chapter, as well as in the samples activated in the 
1.5 N NaOH solution p resen ted  in Chapter 7. The pH required to p roduce  this 
peak, and the accompanying ordering in the c-direction of the CSH(I) phase 
was not determ ined precisely, bu t is above the 14.2 value of the 1.5 N NaOH 
solution.
While no  effect was observed by varying the activator, the results o f these 
tests are of great significance to the overall investigation. First, these results 
show  that the thorough analysis of the NaOH-activated slag system can be 
generalized to m any alkali-activated materials. The characterizations o f the 
hydrated phases in the NaOH-activated slag can be easily applied to the 
products o f similar systems. Secondly, the lack of a strong influence by the 
activating substance reinforces the thesis that the structure o f the unhydrated 
glass plays the predom inant role in determ ining the types o f hydrated phases 
produced. As was the case w ith NaOH, activation by these other hydroxides 
produce hydrated phases w ith layered structures consisting o f octahedral Ca-O 
sheets and  silicate structures related to those in the glass. All that is required 
for the form ation of these hydrated phases is the diffusion of OH" and HzO into 
the glass and the reordering of the structural units already present. This can
be accommodated using any of the hydroxides tested, with the concentration 
(and consequently the pH) of the solution determining the degree of reaction 
produced.
Chapter 9 
Alkali-Activation o f Perlite Glass
The results studies o f alkali-activated slag in the previous chapters 
revealed that the structure o f the unreacted glass strongly affects the hydration 
products. The degree to which this holds for alkali-activation of aluminosilicate 
glasses of different structure is investigated in this chapter.
The applicability of these results to glasses of similar com position and 
structure is dem onstrated through comparison to data in the literature. The 
best source for this comparison is the XRD data from the NaOH-activation of 
slags reported by Tailing (1983). Tailing examined slags from different sources 
with weight percentages o f the major oxides varying within the following 
ranges: CaO =  35.5-42.0, S i02 = 34.4-39-5, A120 3 =  8.8-13.3, MgO =  6.2-11.8. 
XRD patterns presented for binders produced by NaOH-activation of these slags 
are almost identical to those obtained from the slag used in the current study. 
Only the relative intensities of the XRD reflections varied among the different 
slags, with the peaks identified here as representing (C,M)4AHX absent in one 
case. Thus the phase identifications made in Chapter 5 can be applied to alkali-
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activated slags in general, and the influence o f the glass structure on  the 
hydration products for glasses of this com position is evident. Structurally, these 
glasses consist mainly o f octahedral Ca-O layers (displaying m edium  range 
order) linked to tetrahedral aluminosilicate structures o f low polymerization 
(mainly dimeric chains), as do their chief hydration products.
In order to extend this exam ination beyond the com positional and 
structural limits o f the glassy slags, alkali-activation of a glass o f decidedly 
different constitution was investigated. The m aterial used was a perlite glass, 
which has a very low  Ca content and therefore consists o f a highly polymerized 
aluminosilicate network.
9-1 C haracterization o f  Perlite G lass
Perlite glass is basically an aluminosilicate glass, w ith small am ounts of 
netw ork modifying cations (mainly Na+, K+), and a Si/Al ratio of c a  5.1. (The 
com position o f the glass was presented in Chapter 3.)
29Si and  27A1 MAS-NMR were perform ed on  the glass, producing the 
results appearing in Figure 9.1. The 29Si MAS-NMR spectrum  consists o f a  single 
broad peak (FWHM =  17.6 ppm ), centered at a chemical shift of -103.6 ppm  
relative to  TMS, which could be sim ulated by a Gaussian peak shape (see 
Appendix B). This can be com pared to the broad peak o f pure S i02 glass, 
which appears at -112.1 ppm  (Kirkpatrick, 1986) and represents a Q4 (network 
forming) silicate structure. Rather than Q4 units, the peak at -103.6 ppm
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Figure 9-1. 29Si and 27A1 MAS-NMR data for unreacted perlite glass.
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indicates the network-form ing structure in the perlite glass consists m ainly o f 
Q ‘(1A1) units (i.e. [S i04] tetrahedra sharing oxygen atom s with 4 o ther 
tetrahedra, one of which contains an A1 rather than Si). The breadth  o f the 
peak is due to  variations in Si-O-Si (and Si-O-Al) angles and bond lengths, and 
possibly to different degrees of (1) local Al-substitution [producing different 
Q4(nAl) units] and (2) polymerization (producing different Qm units).
Perlite glass, like fused silica, can be m odelled as a continuous but 
disordered netw ork of com er-linked tetrahedra. The m ain difference from  S i02 
glass is that in the case of perlite glass, A1 substitutes for Si in som e of the 
tetrahedral positions. This is supported  by the 27A1 MAS-NMR spectrum , which 
reveals the presence of alum inum , exclusively in tetrahedral coordination 
(Figure 9.1).
The XRD raw data pattern  for the unreacted perlite glass is dom inated 
by a broad am orphous hum p similar to the one observed in the glassy slag, but 
centered at about 23° 20, as shown in Figure 9-2(a), rather than 32° 20. As was 
the case w ith the slag,- only m inor am ounts o f crystalline m aterial are p resent 
in perlite. The presence of a small am ount of quartz is indicated by a narrow  
peak at 0.334 nm, while the rem aining peaks (at 0.405, 0.376, 0.347, and  0.323 
nm) can be m atched to those of the calcium alum inate silicate m ineral anorthite 
(CAS2).
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Figure 9.2. XRD raw data patterns for (a) unreacted perlite, (b) perlite reacted 
in 5 N NaOH solution (water/perlite ratio = 0.4) for 2 months at room 
temperature, and (c) perlite reacted in 5 N NaOH solution (water/perlite 
ratio = 0.4) for 4 days at 80° C followed by 4 months at room temperature.
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9.2 NaOH-Activation o f  Perlite Glass at Room Temperature
Perlite was reacted with 5 N NaOH solution at a water/glass ratio of 0.4, 
representing a mixture identical to that used for most of the slag samples 
discussed in preceding chapters. Unlike the NaOH-activated slag samples, 
however, the perlite mixtures did not form a hardened cementitious mass at 
room temperature. Rather, a soft, wet, clay-like material resulted.
29Si MAS-NMR indicates some reaction took place, but not to the extent 
observed in the alkali-activated slag system. A spectrum collected after setting 
for 2 months at room temperature is presented in Figure 9-3. The spectrum 
is dominated by the broad glass peak at -103 ppm, with some new peaks due 
to the hydration products appearing at -96, -87, and -79 ppm. These peaks 
represent structural units resulting from greater A1 substitution [e.g. Q4(2A1), 
Q4(3A1)] and/or lower polymerization (e.g. Q3). The low degree of reacdon is 
also observed in the XRD raw data pattern presented in Figure 9.2(b), which 
shows m inor differences from the unreacted glass [Figure 9.2(a)], but no great 
increase in the amount of crystalline material.
9.3 Hydration at Elevated Temperature
Unlike alkali-acdvated slag, perlite reacted in 5 N NaOH soludon at room 
temperature does not produce a solid matrix and displays only limited reacdon, 
even after 2 months. Additionally, since fluid water is available
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Figure 9.3. 29Si and MAS-NMR spectrum  for perlite reacted 
in 5 N NaOH solution for 2 months.
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throughout the reaction process, solution-precipitation reactions may play a 
greater role than in the case of the slag-water-NaOH system, where in-situ 
hydration reactions are believed to dominate. For these reasons, it was 
concluded that comparison to aUkali-activated slag is better facilitated by 
examining NaOH-activated perlite samples reacted at high temperature during 
the early stages of hydration.
When cured at 80° C, NaOH-activated perlite glass hardened after several 
hours. At longer aging times, liquid water accumulations are confined to pores, 
and the importance of in-situ hydration reactions increases. In addition, a high 
degree of reaction was observed in samples cured at elevated temperature 
during the early stages of hydration. Therefore, these samples provide a good 
source for comparison to alkali-activated slag.
9.3.1 Sample Preparation. Samples were prepared by reacting perlite glass in 5 
N NaOH solution at a water/glass ratio of 0.4, and placing the mixture in an 
oven at 80° C. After approximately one hour, the material hardened sufficiently 
to hold its shape, and was placed underwater to prevent dehydration at the 
elevated temperature. The mixture was kept at the elevated temperature during 
the early stages of hydration, and then removed to ambient conditions for the 
duration of curing.
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9.3.2 X-ray Diffraction. The XRD raw data pattern appearing in Figure 9.2(c) 
was obtained from a sample cured for 4 days at 80° C followed by 4 months at 
ambient conditions. The hardened material produced had reacted to a greater 
extent than the sample cured at room tem perature [Figure 9.2(b)], with the 
presence of a large amount of crystalline material indicated in the XRD pattern.
The crystalline hydration product was identified as a member of the 
series of synthetic zeolite phases referred to as P zeolites, and found to be 
related, in particular, to the tetragonal type, called zeolite P, (Breck, 1974). In 
Figure 9.4, the XRD net intensity pattern for the hydrated perlite [obtained by 
subtracting the background from the pattern in Figure 9.2(c)] is presented and 
matched to data for (a) zeolite Pt (Na57Al57Si10_3O32'12H2O), and (b) the similar 
sodium aluminum silicate hydrate Na3AI3Si50 l6'6H20 . The crystalline hydration 
products are zeolitic and thus have a three-dimensional, continuous framework 
silicate structure, which was examined in more detail by Z9Si MAS-NMR.
9.3.3 MAS-NMR. 29Si and 27A1 MAS-NMR results for NaOH-activated perlite 
cured for 4 days at 80° C followed by 4 months at room temperature are given 
in Figure 9-5. Aluminum is found exclusively in tetrahedral coordination, and 
is therefore incorporated into the framework silicate structure as expected. The 
29Si spectrum consists of multiple peaks of narrow width, indicating the 
presence of several well ordered structural silicate units. This was examined 
more closely through the deconvolution presented in Figure 9.6. In the curve-
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Figure 9.4. XRD net intensity pattern for perlite reacted in 5 N NaOH solution, 
using a water/perlite ratio o f 0.4, for 4 days at 80° C followed by 4 m onths at 
ro o m  te m p e ra tu re , a lo n g  w ith  m a tch es  to  (a) z e o lite  Pt 
(Na57Al57Si103O32-12H2O), and  (b) the similar sodium  alum inum  silicate hydrate 
Na3Al3Si50 l6-6H20 .
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Figure 9-5- 29Si and 27A1 MAS-NMR data for perlite reacted in 5 N NaOH 
solution, using a water/perlite ratio of 0.4, for 4 days at 80° C followed by 4 
m onths at room temperature.
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Peak# Type PkAmpl PkCtr Wid@HM Area %Area
1 Lorentzian 0.1830362 -108.6045 3.1397487 0.8779115 5.5364108
2 Gaussian 0.2464797 -103.65 17.590491 4.6152035 29.105053
3 Lorentzian 0.5434839 -103.2999 3.3081356 2 .7460535 17.317553
4 Lorentzian 0.6829884 -97.85976 3.6575412 3.8046537 23 .993449
5 Lorentzian 0.3559772 -92.90065 4.8183121 2.583109 16.28997
6 Lorentzian 0.1247539 -87.07037 6.6931859 1.2301209 7.7575633
Total 15.857052 100
Figure 9.6. Simulation o f the 29Si MAS-NMR spectrum  for perlite reacted in 
5 N NaOH solution (water/perlite ratio = 0.4) for 4 days at 80° C followed by 
2 m onths at room  tem perature.
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fitting process, the position, width, and peak type (Gaussian) of the unreacted 
perlite peak were fixed at the values obtained from the simulation of the 
spectrum. A high degree of reaction has taken place, with the unreacted glass 
accounting for only 29% of the hydrated mixture.
Five new  peaks were found in the hydrated material, appearing at 
chemical shifts of -108.6, -103.3, -97.9, -92.9, and -87.1 ppm. These peak 
positions are in excellent agreement with those reported by Engelhardt et al. 
(1982) for a P zeolite with a Si/Al ratio of 1.9. In that zeolite, five peaks were 
reported a t -107.0, -102A, -97.3, -91-9, and -87.6 ppm, and identified as Q4(0A1), 
Q4(1A1), Q4(2A1), Q4(3A1), and Q4(4A1) respectively. In fact, this data is the 
classical example used to illustrate the effect of Al-substitution on the 29Si MAS- 
NMR spectrum of framework silicates since all five possible Q4(nAl) units appear 
(Nagy et al., 1985; Klinowski and Mackay, 1983; Engelhardt and Michel, 1987).
The five peaks in the hydrated perlite can be similarly identified. The 
structures and their respective chemical shifts are summarized in Table 9.1, 
along with their area percentages in the hydrated material (these percentages 
exclude the unreacted glass and therefore differ from those in Figure 9-6). 
Additionally, the Si/Al ratio in the zeolitic phase can be calculated from the 
equation (from Engelhardt et al., 1981):
4
£  AreaQ4(nAJ)
Si = _________
Al ,
E  0.25 n-AreaQ4(nA])
Table 9.1 Summary o f 29Si MAS-NMR data for 
zeolitic phase in NaOH-activated perlite.
Structural
Unit
Chemical
Shift
(PPm)
Peak
Area
(%)
Q4(0A1) 
Q4(1A1) 
Q4(2A1) 
Q4 ( 3A1) 
Q4 (4A1)
-108.6 
-103.3 
-97.9 
-92.9 
-87.1
7.8 
24 . 4 
33.8 
23 . 0 
10. 9
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A Si/AI ratio of 1.95 was calculated for the zeolite formed in the alkali-activated 
perlite, which compares very well to that o f the P zeolite referred to earlier 
(Si/Al =  1.9). The hydration product is significantly richer in aluminum than 
the unreacted glass (Si/Al =  5.1), and the glass remaining after hydration must 
be correspondingly depleted in Al.
9 .4  D iscussion
As with alkali-activated slag, the investigation of NaOH-activation of 
perlite reveals a strong relationship between the structure of the unreacted glass 
and that of the hydrated phases produced. In NaOH-activated perlite, the glass 
and the crystalline reaction product have continuous framework aluminosilicate 
structures. The unreacted glass (Si/Al =  5.1) consists mostly of Q4(1A1) units, 
meaning that, on average, each [SiOJ tetrahedron shares one oxygen with a 
neighboring [A104] tetrahedron. Upon hydration, sodium and water are 
incorporated into the aluminosilicate framework, forming a P-type zeolitic 
hydration product (composition -  Na3Al3Si50 16-6H20 ). To compensate for the 
presence of the Na+ ions, the new phase has a higher concentration of Al atoms 
(the substitution of Al3+ for Si4+ in a tetrahedral network produces a net charge 
of -1). The resulting high aluminum content (Si/Al =  1.95) compels [SiOJ 
tetrahedra to have more neighboring [A104] tetrahedra, producing the Q4(nAl) 
units observed in the hydrated material.
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The relationship betw een the silicate structures o f the slag and perlite 
glasses and their respective hydration products is well illustrated in the 29Si 
MAS-NMR data, as summarized in Figure 9.7. The two glasses produce peaks 
of similar width, bu t with different chemical shifts reflecting the predom inant 
structural unit (mainly Q 1 for the slag, and Q4(1A1) for the perlite). A high 
degree of reaction is observed in both hydrated materials, but with only m inor 
changes in the local silicate structure. The dimeric silicate glass produces a well 
ordered, mainly dimeric, hydrated silicate; the framework silicate glass produces 
a  hydrated phase with a well ordered framework structure. There is no large 
scale change in polymerization. That is, the poorly polymerized Q1 glass does 
not produce highly polymerized silicate structures (Q3 and Q4); and, more 
interestingly, no structural units indicating lower polymerization (not even Q3) 
are found in the hydration products o f the framework (Q4) glass. Some silicate 
units o f lower polymerization might be expected to appear as intermediate 
structures during the hydration of the framework glass if the reactions were 
largely taking place by dissolution and reprecipitation.
The degree to which the relationship between the glass and its hydration 
products is a  structural rather than a compositional effect is difficult to 
distinguish, since the two are so interrelated. The presum ed in-situ nature of 
the transform ation emphasizes the structural link betw een the unhydrated and 
hydrated materials, with only the diffusion of H20  and various ions and
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NaOH-Activated Slag
-60 -1 0 0-40 -0 0
PPM
Unhydratcd Slag
-40 -60 -0 0 -1 0 0■60  
PPM
NaOET-Activatcd Perlite
-40 -50 -60 -100 120 140
PPM
Unhydratcd Perlite
140•100 -120■80•6040
PPM
Figure 9.7. 29Si MAS-NMR data for unreacted and NaOH-activated slag and 
perlite.
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reordering of the structural units in the glass taking place. The structural units 
present in the glass are, however, determined by its chemical composition.
Whether the relationship between the glass and its hydration products 
is ultimately determined by structural o r chemical considerations, the utilization 
of the relationship is the same. If, for example, it is desired to produce a 
cementitious material containing zeolitic hydration products by alkali-activation 
of a glass, a glass must be used which has a silicate structure similar to that of 
zeolites (i.e. a framework silicate glass). Such a glass would be correspondingly 
similar in composition to zeolites (i.e. having a high silicon content).
Chapter 10 
Summary
A comprehensive investigation was conducted on the activation of 
blastfurnace slag by NaOH, involving characterization of the unreacted glass, 
identification of the crystalline hydration products, and presentation of a 
proposed structure for the C-S-H phase. The structures of the hydrated phases 
were found to be closely related to the structure of the unreacted glass. 
Examination of the effects of time, tem perature, and pH on the hydration 
process revealed influences on the degree of reaction only, with basically the 
same products formed in all samples tested. The results obtained from the 
NaOH-activation investigations are applicable to many alkali-activated slag 
systems, as manifested by the generation of similar characterizations in systems 
involving other hydroxides. Finally, the study was extended through the 
analysis o f a perlite glass, the structure of which differs gready from that o f the 
slag. Once again, a strong relationship was discovered betw een the structure 
of the glass and the hydration products generated by alkali-activation.
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10.1 Characterization o f  NaOH-Activated Blastfurnace Slag
10.1.1 Structure o f the Unreacted Glass. Through recent developments in the 
characterization of calcium aluminosilicate glasses reported in the literature and 
execution of MAS-NMR experiments, an understanding of the structure of the 
granulated blastfurnace slag was acquired. The glass contains edge-linked CaOfi 
octahedral sheets displaying medium range order and linked to silicate 
tetrahedra, which are linked mostly into dimeric structures similar to those in 
melelite. Aluminum is present in both tetrahedral and octahedral coordination, 
the former representing substitution into the silicate network, and the latter 
attributed to the presence of neutral aluminum compounds intermixed with the 
layered structures. The presence of magnesium is believed to be largely limited 
to tetrahedral sites, combining with the aluminosilicate structures to form 
poorly ordered tetrahedral layers related to those in melelite, which are 
interleaved among the Ca-O sheets.
10.1.2 Hydration Products. NaOH-activation of the slag produces a dense matrix 
with a crudely layered structure interspersed with small amounts of well formed 
crystalline phases. The crystalline products were identified by x-ray diffraction 
as the tobermorite-like calcium silicate hydrate referred to as CSH(I) and the 
calcium magnesium aluminate hydrate (C,M)4AHt, with the aluminate phase 
containing a high am ount of substituted silicon. The layered matrix, which 
accounts for most of the hydrated material, was identified as a C-S-H phase,
consisting mainly of structurally imperfect layers tobermorite, with individual 
layers of (C,M)4AHX intimately mixed into the structure. In toberm orite layers, 
octahedral C a06 sheets are normally linked to infinite dreierketten silicate 
chains, with two of the three silicate tetrahedra in each repeat un it sharing 
oxygens with calcium atoms. However, in the C-S-H phase, the majority o f the 
third or ’bridging’ tetrahedra are absent, leaving a mainly dimeric silicate 
structure. Estimates based on 29Si MAS-NMR results suggest that less than 10% 
of the bridging locations are occupied by [Si04] tetrahedra, while about a  third 
are occupied by [A104]. The (C.M^AH* layers are similar to those in Ca(OH)2, 
but with Al3+ and Mg2* substituting for Ca2+ in the octahedral layer. The degree 
of order in the C-S-H phase varies throughout the material, with some regions 
ordered enough to allow the development of individual crystals observed by 
electron microscopy and x-ray diffraction. O ther cations, most significantly 
Na+, are present in the hydrated phases, but the way in which they are 
incorporated into the structure is unknown.
10.1.3 Relationship Between Glass Structure and Hydration Products. A clear 
relationship exists betw een the structure of the glass and the hydrated material, 
with both consisting of Ca-O octahedral sheets and poorly polymerized silicate 
structures. The developm ent o f the toberm orite layers can be traced to  the 
octahedral sheets in the glass, which are interleaved with dimeric silicate 
structures, while (C,M)4AHX structures are believed to nucleate in the interlayers
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of the poorly ordered tobermorite structure through the combination of 
interlayer cations with HzO and OH'. In light of these observations, the mainly 
in-situ hydration reactions are shown to require only the diffusion of H20  and 
OH", along with Na+, into the glass structure and reordering of the structural 
units already present.
10.2 Effects o f Various Parameters on  the Hydration o f Alkali- 
Activated Slag
10.2.1 Effects o f Tune and Temperature. The advancement of hydration with 
time in the NaOH-activated slag was traced using 29Si MAS-NMR, revealing rapid 
consumption of the glass, with roughly a third of the glass reacting within the 
first day and another third consumed over the following 27 days. X-ray 
diffraction results suggest that ordering in the tobermorite-like structure 
develops mainly within the layers during the early stages of hydration, with 
ordering of these layers into a three dimensional structure accelerated in the 
ensuing period. Higher degrees of reaction, increased crystallinity, and more 
extensive ordering in the c-direction of the tobermorite structure were observed 
in samples cured at elevated temperatures during the early stages of hydration. 
In all cases, higher degrees of reaction were accompanied by higher 
compressive strengths, which is attributed mainly to the C-S-H phase.
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10.2.2 E ffects o f the A ctivating Cation and the p H  o f the Activating Solution. The 
hydration reactions in alkali-activated slag were found to depend strongly upon  
the pH  of the activating solution. High levels of reaction, as described in  the 
preceding section, require highly alkaline solutions (pH on the order o f 14.7). 
Hydration at lower pH values (14.2 and  below) produces a m uch low er degree 
of overall reaction, characterized specifically by low  ordering in the c-direction 
of the toberm orite structure, as revealed by x-ray diffraction. Experiments using 
different alkali and alkaline-earth m etal hydroxides exposed the ionic charge 
and radius o f the activating cation as having little influence on the hydration 
products. The only effect observed was linked to the pH of the activating 
solution, which is lim ited in  the case o f the divalent hydroxides [e.g. Ca(OH)2] 
by their lower solubilities.
10.3 Investigation o f  NaOH-Activated Perlite Glass
Examination o f NaOH-activation of am orphous perlite also reveal an 
explicit relationship betw een the structures o f the glass and the resultant 
hydration products. In  this case, the glass has an almost exclusively 
aluminosilicate constitution, and  is characterized by a continuous, though 
disordered, framework structure. Consequently, a zeolitic phase (zeolite P) is 
produced upon  NaOH-activation, w ith an ordered aluminosilicate fram ework 
incorporating w ater and  Na+ into  its structure. These results, com bined with 
those obtained from the alkali-activated slag system, exemplify the predom inant
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role played by the structure of the unreacted glass role in determining the types 
of hydration products formed by alkali-activation.
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Illustrations
145
146
00
(b)
Figure A.1. Illustrations of (a) tetrahedral [ROJ, and  (b) octahedral [ROe] 
coordination of a cation.
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Figure A.2. Ideal layer built from edge-linked [M2+(0 ,0 H “,H20 )6] octahedra.
Description Arrangement o f [Si04] Units Unit Composition Symbol
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isolated
tetrahedron A
S i0 4-4 Q°
chain
endmember
chain
midmember
;<a----- Si03,-3 Q*
S i03-
sheet
forming
S i02.,-
framework SiO,
Figure A.3. Description of various arrangem ents of S i04 tetrahedra.
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Q2(1A1)
4 Q‘ (1A1)
Ql
>  Q’
A  = Si°<
^ =  A 10<
Figure A.4. Illustration of various Si04 units in Al-substituted chains.
Appendix B 
Simulations of 29Si MAS-NMR Data
150
151
S i-2 9  MAS-NMR D ata
1.5
tn
£ 0.51
c
-0 .5
-110-5 0  -7 0  ,  -9 0
Chemical Shift (ppm)
Measured Values
Peak# Type Pktonpl PkCtr WidSHM Area %Area
1 Gaussian 0.9426124 -74.51297 13.892148 13.938994 100
Figure B .l. Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a 
500 MHz (11.7 Tesla) spectrometer. Simulation of spectrum.
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Table B .l. Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a 
500 MHz (11.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Gaussian 
PkAmpl PkCtr
0.942612418 -74.5129682
XL 0HM XR 0HM
-81.4590401 -67.5668922
Parm Value
Ampl 0.942612418 0.002789062
Ctr -74.5129682 0.020156092
Widl 5.899455271 0.020156094
Wid@HM 
13.89214793 
Ctr-XL@HM 
6.946071938 
Std Error t-value
Area
13.93899437
Ctr-XR@HM
6.946075989
95% Confidence Limits
337.967503 0.937143273 0.948081562
-3696.79645 -74.5524928 -74.4734436
292.6884186 5.859930666 5.938979877
Total Peaks» l Coefficient Count* 
std Error for Curve= 0.02971093302 
Source Sum of Squares DF
Regr 87.320347 2
Error 0.75562505 856
Total 88.075972 858
> 3 Fitted Count=3 
r2= 0.9914207584 
Mean Square F
43.660174 49459.9
0.00088273954
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S i-2 9  MAS-NMR D ata
1.5
-50 -70 -90
Chem ical S h ift (ppm )
-110
Si-29 MAS-NMR Data 
Gauss I (0.942612, -74.513. 5.89946) 
No Background 
X2=0.75562505 r2=0.99I42076
0.075 J
S  0.025-
•g -0.025- va
-0.05-
-70 -90
Chem ical Sh ift (ppm )
-50 -110
Figure B.2. Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a
500 MHz (4.7 Tesla) spectrometer. Residuals.
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S i-2 9  MAS-NMR D ata
i .5
0 .5 '
- 0 .5  —  
- 5 0 - 7 0  - 9 0  v
C hem ical S h ift (ppm )
-110
Measured Values
iak# Type PkAmpl PkCtr Wid@HM Area %Area
1 Lorentzian 0.1305964 -84.31054 1.9280684 0.3832252 6.3186316
2 Lorentzian 0.3819831 -81.37909 2.1844912 1.2663216 20.87916
3 Lorentzian 0.8688125 -78.51337 2.182404 2.8773387 47.441672
4 Gaussian 0.1046076 -74.51 13.89108 1.5381172 25.360536
Total 6.0650027 100
Figure B-3- NaOH-activated slag, 4 m onths old. 29Si MAS-NMR data collected 
using a 500 MHz (11.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.2. NaOH-activated slag, 4 m onths old. 29Si MAS-NMR data collected 
using a 500 MHz (11.7 Tesla) spectrom eter. Numerical summary of curve fit.
Peak# 1 Lorentzian
PkAmpl PkCtr Wid0HM Area
0.130596427 -84.3105416 1.928068409 0.383225173
XL @HM XR 0HM Ctr-XL@HM Ctr-XR0HM
-85.2745758 -83.3465074 0.964034219 0.96403419
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.130596427 0.006259 20.86533267 0.118313517 0.142879336
Ctr -84.3105416 0.050856864 -1657.80065 -84.4103451 -84.2107381
Widl 0.964036567 0.08374174 11.51201972 0.799698454 1.12837468
Peak# 2 Lorentzian
PkAmpl PkCtr Wid@HM Area
0.381983086 -81.3790911 2.184491242 1.26632163
XL @HM XR 0HM Ctr-XL0HM Ctr-XR0HM
-82.4713369 -80.2868457 1.092245798 1.092245444
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.381983086 0.005977853 63.89971225 0.37025191 0.393714262
Ctr -81.3790911 0.020040774 -4060.67597 -81.4184199 -81.3397623
Widl 1.092250005 0.04388317 24.88995229 1.006131932 1.178368078
Peak# 3 Lorentzian
PkAmpl PkCtr Wid@HM Area
0.868812489 -78.5133694 2.182403962 2.877338691
XL 0HM XR @HM Ctr-XL0HM Ctr-XRQHM
-79.6045712 -77.4221672 1.091201719 1.091202244
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.868812489 0.006142708 141.4380262 0.856757795 0.880867183
Ctr -78.5133694 0.008706975 -9017.29636 -78.5304564 -78.4962825
Widl 1.091204266 0.015808844 69.02492673 1.060180364 1.122228167
Peak# 4 Gaussian Locked
PkAmpl PkCtr Wid0HM Area
0.104607566 -74.51 13.89108035 1.538117193
XL 0HM XR @HM Ctr-XL0HM Ctr-XR0HM
-81.455541 -67.5644606 6.94554097 6.945539383
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.104607566 0.002400887 43.57039128 0.099895971 0.109319161 
Ctr -74.51 
Widl 5.899
Total Peaks= 4 Coefficient Count= 12 Fitted Count=10 
Std Error for Curve= 0.02080715503 r2= 0.9913523732
Source Sum of Squares DF Mean Square F
Regr 32.806355 11 2.9823959 6888.74
Error 0.28617182 661 0.0004329377
Total 33.092527 672
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S i-2 9  MAS-NMR D ata
- 0 .5
- 7 0  - 9 0
C hem ical S h ift (ppm )
-110- 5 0
Si-29 MAS-NMR Data 
Lmtzl(0.130596. -84.3105. 0.964037)
Lmlz2(0.381983. -81.3791. 1.09225) Lmtz3( 0.868812. -7a5134. 1.0912) 
Gauss4(0.104608. *-74.51, *5.899)
No Background X2=028617182 r2=0.99135237
0.04
c n
C0)
cn
a
cn
<Da
-0.06
- 5 0 - 7 0  - 9 0
C hem ical S h ift (ppm )
-110
Figure B.4. NaOH-activated slag, 4  m onths old. 29Si MAS-NMR data collected
using a 500 MHz (11.7 Tesla) spectrometer. Residuals.
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Si-29 MAS-NMR Data 
Lmlzl(I.OOOIS. -74.4543. 7.87039) 
No Background 
X2=0.035291492 r2=0.99660055
1.25
si* 0-75-tncflj
= 0.5 ‘
- 9 0 -110-30 :o -70
C h em ica l S h if t  (p p m )
-50
Measured Values
Peak# Type PkAmpl PkCtr Wid@HM Area
1 Lorentzian 1.0001788 -74.45428 15.740769 21.113441
%Area
100
Figure B.5- Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a 
200 MHz (4.7 Tesla) spectrom eter. Simulation o f spectrum .
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Table B.3. Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a 
200 MHz (4.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Lorentzian 
PkAmpl PkCtr
1.000178806 -74.4542778
XL @HM XR @HM
-82.3246632 -66.5838943
Parm Value 
Ampl 1.000178806 
Ctr -74.4542778 
Widl 7.870387248
Wid@HM 
15.74076892 
Ctr-XLgHM 
7.870385399 
Std Error t-value
Area
21.11344083
Ctr-XRgHM
7.870383524
95% Confidence Limits
0.005136979 194.7017567 0.990009257 1.010348356
0.040257724 -1849.44082 -74.5339751 -74.3745806
0.058185078 135.264703 7.755199696 7.985574799
Total Peaks= 1 Coefficient Count= 3 Fitted Count=3 
Std Error for Curve= 0.01700807232 r2= 0.9966005461
Source Sum of Squares DF Mean Square F
Regr 10.346227 2 5.1731133 17883.1
Error 0.035291492 122 0.00028927452
Total 10.381518 124
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S i- 2 9  MAS-NMR Data 
LmUld.OOOlS. -74.4543. 7.87039) 
No Background 
X2=0.035291492 r2=0.99660055
1.25
0 .7 5 -
= 0.5-
0.25-
-30 -50 -70 -90
Chem ical Sh ift (ppm )
-110
Si-29 MAS-NMR Data 
Lmtzl( 1.00010. -74.4543. 7.87039) 
No Background 
X2=0.03529l492 r2=0.99660055
•2 - 0.01
-50 -70 -90
Chem ical Sh ift (ppm )
-1 1 0
Figure B.6. Unreacted blastfurnace slag. 29Si MAS-NMR data collected using a
200 MHz (4.7 Tesla) spectrometer. Residuals.
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S i-2 9  MAS-NMR D ata
1.25
0.25*
-120-100-60 -80 , 
Chemical Shift (ppm)-40
Measured Values 
Peak# Type PkAmpl PkCtr Wid@HM Area %Area
l Lorentzian 0.1567421 -84.02 3.2999938 0.7912216 3.8187109
2 Lorentzian 0.1596362 -80.98 3.7399965 0.9105638 4.3946979
3 Lorentzian 0.2614646 -78.05 3.7199982 1.4840506 7.1625446
4 Lorentzian 0.8060627 -74.45 15.739999 17.533764 84.624047
Total 20.7196 100
Figure B.7. NaOH-activated slag, 1 hour old. 29Si MAS-NMR data collected using 
a 200 MHz (4.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.4. NaOH-activated slag, 1 hour old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Lorentzian Locked
PkAmpl Pkctr Wid@HM Area
0.15674213 -84.02 3.299993844 0.791221625
XL 0HM XR @HM Ctr-XL@HM Ctr-XR0HM
-85.6699984 -82.3700046 1.649998415 1.649995429
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.15674213 0.021502548 7.289467803 0.114240495 0.199243764
Ctr -84.02
Widl 1.65
Peak# 2 Lorentzian Locked
PkAmpl Pkctr Wid@HM Area
0.159636165 -80.98 3.739996542 0.910563822
XL &HM XR @HM Ctr-XL@HM Ctr-XR0HM
-82.8499993 -79.1100028 1.869999321 1.869997221
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.159636165 0.024318881 6.564289199 0.111567806 0.207704523
Ctr -80.98
Widl 1.87
Peak# 3 Lorentzian Locked
PkAmpl Pkctr WidSHM Area
0.261464645 -78.05 3.719998215 1.484050568
XL 0HM XR §HM Ctr-XL0HM Ctr-XR0HM
-79.9099986 -76.1900004 1.859998587 1.859999628
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.261464645 0.025005865 10.45613276 0.212038402 0.310890887
Ctr -78.05
Widl 1.86
Peak# 4 Lorentzian Locked
PkAmpl PkCtr Wid@HM Area
0.806062656 -74.45 15.73999903 17.53376377
XL 0HM XR 0HM Ctr-XL0HM Ctr-XR0HM
-82.3199998 -66.5800008 7.869999801 7.869999233
Parm Value Std Error t-value 95% Confidence Limits
Ampl 0.806062656 0.011322444 71.19157624 0.783682871 0.82844244 
Ctr -74.45 
Widl 7.87
Total Peaks= 4 Coefficient Count= 12 Fitted Count=4 
Std Error for Curve= 0.03671432619 r2= 0.9827061564
Source Sum of Squares DF Mean Square F
Regr 11.106348 11 1.009668 749.044
Error 0.19545155 145 0.0013479417
Total 11.3018 156
162
S i-2 9  MAS-NMR D ata
1.25
e
-60 -80 , 
C hem ical S h ift  (ppm )
-100 -120-40
Si-29 MAS-NMR Data 
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Figure B.8. NaOH-activated slag, 1 hour old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Residuals.
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S i-2 9  MAS-NMR D ata
1.5
-0.5
-60 -80 - 1 0 0  
Chemical Shift (ppm)
-120-40
Measured Values
Peak# Type PkAmpl Pkctr
1 Lorentzian 0.2073108 -84.02
2 Lorentzian 0.2768777 -80.98
3 Lorentzian 0.4439711 -78.05
4 Lorentzian 0.5500775 -74.45 
Total
WidSHM Area %Area
3.2999938 1.0464882 6.1158008
3.7399965 1.5793091 9.229669
3.7199982 2.5199414 14.726836
15.739999 11.965483 69.927695
17.111221 100
Figure B.9. NaOH-activated slag, 5 hours old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.5. NaOH-activated slag, 5 hours old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.207310806 -84.02 3.299993844
XL @HM XR @HM Ctr-XL@HM
-85.6699984 -82.3700046 1.649998415
Std Error t-valueParm Value 
Ampl 0.207310806 
ctr -84.02 
Widl 1.65
Area
1.046488222
Ctr-XR@HM
1.649995429
95% Confidence Limits
0.023280117 8.905058733 0.161295653 0.253325958
Peak# 2 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.276877732 -80.98 3.739996542
XL @HM XR @HM Ctr-XL@HM
-82.8499993 -79.1100028 1.869999321
Value Std Error t-valueParm
Ampl
Ctr
Widl
Area
1.57930909
Ctr-XR@HM
1.869997221
95% Confidence Limits
0.276877732
-80.98
1.87
0.026329269 10.51596713 0.224835667 0.328919798
Peak# 3 Lorentzian Locked 
PkAmpl PkCtr
0.443971118 -78.05
XL 6HM XR @HM
-79.9099986 -76.1900004
Parm Value 
Ampl 0.443971118 
Ctr -78.05 
Widl 1.86
wid0HM Area
3.719998215 2.519941428
Ctr-XL0HM Ctr-XR@HM
1.859998587 1.859999628
Std Error t-value 95% Confidence Limits
0.027073045 16.39900905 0.390458916 0.497483321
Peak# 4 Lorentzian Locked 
PkAmpl PkCtr
0.550077487 -74.45
XL @HM XR @HM
-82.3199998 -66.5800008
Parm Value 
Ampl 0.550077487 
Ctr -74.45 
Widl 7.87
Wid§HM Area
15.73999903 11.96548264
Ctr-XL0HM Ctr-XR@HM
7.869999801 7.869999233
Std Error t-value 95% Confidence Limits
0.012258446 44.87334542 0.525847614 0.57430736
Total Peaks= 4 Coefficient Count= 12 Fitted Count=4 
Std Error for curve= 0.03974941965 r2= 0.9752452015
Source Sum of Squares DF Mean Square F
Regr 9.0257648 11 0.82052407 519.314
Error 0.22910237 145 0.0015800164
Total 9.2548672 156
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Figure B.10. NaOH-activated slag, 5 hours old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrom eter. Residuals.
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Si-29 MAS-NMR Data
Lmtzl (0.367369. *-84.02. *1.65) 
lmtz2(0.354542. *-8a9a *1.B7) Lmtz3(0.446663. *-7a05. *1.66) 
Lmtz4(0.549352. *-74.45, *7.87)
No Background 32=0.3385483 r2=0,96845535
1.5
cn
§ 0.5" 
c
-0.5
-40 -60
Chemical Shift (ppm)
-80 -100 -120
Measured Values 
Peak# Type PkAmpl PkCtr Wid@HM Area %Area
1 Lorentzian 0.3673687 -84.02 3.2999938 1.8544477 10.09956
2 Lorentzian 0.3545419 -80.98 3.7399965 2.0223054 11.013734
3 Lorentzian 0.4466631 -78.05 3.7199982 2.5352208 13.807137
4 Lorentzian 0.5493517 -74.45 15.739999 11.949695 65.079569
Total 18.361669 100
Figure B .l l .  NaOH-activated slag, 1 day old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Simulation of spectrum .
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Table B.6. NaOH-activated slag, 1 day old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.367368737 -84.02 3.299993844
XL @HM XR @HM Ctr-XL@HM
-85.6699984 -82.3700046 X.6499984X5
Parm Value Std Error t-value
Area
1.854447749
Ctr-XR@HM
1.649995429
95% Confidence Limits
Ampl 0.367368737 
Ctr -84.02 
Widl 1.65
0.028299625 12.98139958 0.311432095 0.423305379
Peak# 2 Lorentzian Locked
PkAmpl Pkctr
0.354541947 -80.98
XL @HM XR @HM
-82.8499993 -79
Parm Value 
Ampl 0.354541947 
Ctr -80.98 
Widl 1.87
Wid@HM 
3.739996542 
Ctr-XL@HM 
1100028 1.869999321
Std Error t-value
Area
2.022305351
Ctr-XR@HM
1.869997221
95% Confidence Limits
0.032006216 11.07728398 0.291278908 0.417804986
Peak# 3 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.446663086 -78.05 3.719998215
XL @HM XR @HM Ctr-XL@HM
-79.9099986 -76.1900004 1.859998587
Parm Value Std Error t-value
Area
2.535220805
Ctr-XR@HM
1.859999628
95% Confidence Limits
Ampl 0.446663086 
Ctr -78.05 
Widl 1.86
0.03291036 13.57211163 0.381612929 0.511713244
Peak# 4 Lorentzian Locked 
PkAmpl PkCtr
0.549351692 -74.45
XL @HM XR @HM
-82.3199998 -66.5800008
Parm Value 
Ampl 0.549351692 
ctr -74.45 
Widl 7.87
Wid@HM Area
15.73999903 11.94969488
Ctr-XL@HM Ctr-XRQHM
7.869999801 7.869999233
Std Error t-value 95% Confidence Limits
0.014901533 36.86544811 0.51989753 0.578805853
Total Peaks= 4 Coefficient Count= 12 Fitted Count=4 
Std Error for Curve= 0.04831993248 r2= 0.9684553476
Source Sum of Squares DF Mean Square F
Regr 10.393803 11 0.94489121 404.696
Error 0.3385483 145 0.0023348159
Total l0.732352 156
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Figure B.12. NaOH-activated slag, 1 day old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrom eter. Residuals.
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S i-2 9  MAS-NMR D ata
1.5
c
-0.5
-120-60 -80 - 1 0 0  
Chemical Shift (ppm)-40
Measured Values 
Peak# Type PkAmpl PkCtr Wid@HM Area
1 Lorentzian 0.0694871 -84.02 3.2999938 0.3507653
2 Lorentzian 0.2199946 -80.98 3.7399965 1.2548479
3 Lorentzian 0.7636652 -78.05 3.7199982 4.3344973
4 Lorentzian 0.2072241 -74.45 15.739999 4.5076128
Total 10.447723
%Area
3.3573368
12.010731
41.487482
43.14445
100
Figure B.13. NaOH-activated, 7 days old. 29Si MAS-NMR data collected using a
200 MHz (4.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.7. NaOH-activated, 7  days old. 29Si MAS-NMR data collected using a
200 MHz (4.7 Tesla) spectrom eter. Numerical sum m ary of curve fit.
Peak# 1 Lorentzian Locked
PkAmpl PkCtr WidSHM
0.069487098 -84.02 3.299993844
XL @HM XR @HM Ctr-XL@HM
-85.6699984 -82.3700046 1.649998415
Std Error t-valueParm Value 
Ampl 0.069487098 
Ctr -84.02 
Widl 1.65
Area
0.350765264
Ctr-XR@HM
1.649995429
95% Confidence Limits
0.007830023 8.874444079 0.054010385 0.084963811
Peak# 2 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.219994588 -80.98 3.739996542
XL @HM XR @HM Ctr-XL@HM
-82.8499993 -79.1100028 1.869999321
Parm Value Std Error t-value
Area
1.254847944
Ctr-XR@HM
1.869997221
95% Confidence Limits
Ampl 0.219994588 
Ctr -80.98 
Widl 1.87
0.008855573 24.84250144 0.202490787 0.23749839
Peak# 3 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.763665212 -78.05 3.719998215
XL @HM XR @HM Ctr-XL0HM
-79.9099986 -76.1900004 1.859998587
Std Error t-valueParm Value 
Ampl 0.763665212 
Ctr -78.05 
Widl 1.86
Area
4.334497283
Ctr-XR@HM
1.859999628
95% Confidence Limits
0.009105734 83.86640545 0.745666945 0.781663479
Peak# 4 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.207224096 -74.45 15.73999903
XL @HM XR @HM Ctr-XL@HM
-82.3199998 -66.5800008 7.869999801
Parm Value Std Error t-value
Area
4.507612795
Ctr-XR@HM
7.869999233
95% Confidence Limits
Ampl 0.207224096 
Ctr -74.45 
Widl 7.87
0.004123 50.26051863 0.199074632 0.215373559
Total Peaks= 4 Coefficient Count= 12 Fitted Count=4 
Std Error for Curve= 0.01336929964 r2= 0.9959181093
Source Sum of Squares DF Mean Square F
Regr 6.3233551 11 0.57485047 3216.16
Error 0.025917035 145 0.00017873817
Total 6.3492722 156
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Figure B .l4. NaOH-activated, 7 days old. 29Si MAS-NMR data collected using a
200 MHz (4.7 Tesla) spectrometer. Residuals.
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S i-2 9  MAS-NMR D a ta
1.5
-0.5
-120-60 -8 0  , - 1 0 0  
Chemical Shift (ppm)-40
Measured Values 
Peak# Type PkAmpl PkCtr Wid0HM Area %Area
1 Lorentzian 0.0793154 -84.02 3.2999938 0.4003777 3.84110812 Lorentzian 0.2726784 -80.98 3.7399965 1.5553562 14 .921643 Lorentzian 0.7591514 -78.05 3.7199982 4.3088771 41.3381284 Lorentzian 0.1911923 -74.45 15.739999 4.1588827 39.899125Total 10.423494 100
Figure B.15. NaOH-activated slag, 14 days old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrometer. Simulation o f spectrum.
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Table B.8. NaOH-activated slag, 14 days old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Lorentzian Locked
PkAmpl PkCtr wid@HM
0.079315385 -84.02 3.299993844
XL @HM XR @HM Ctr-XL@HM
-85.6699984 -82.3700046 1.649998415
Std Error t-valueParm
Ampl
Ctr
Widl
Value
0.079315385
-84.02
1.65
Area
0.400377664
Ctr-XRQHM
1.649995429
95% Confidence Limits
0.008393105 9.450064529 0.062725691 0.095905079
Peak# 2 Lorentzian Locked
PkAmpl PkCtr WidQHM
0.272678406 -80.98 3.739996542
XL @HM XR @HM Ctr-XL@HM
-82.8499993 -79.1100028 1.869999321
Value Std Error t-valueParm
Ampl
Ctr
Widl
Area
1.555356155
Ctr-XR@HM
1.869997221
95% Confidence Limits
0.272678406
-80.98
1.87
0.009492406 28.72595177 0.253915849 0.291440963
Peak# 3 Lorentzian "Locked
PkAmpl PkCtr Wid@HM
0.759151371 -78.05 3.719998215
XL @HM XR @HM Ctr-XL@HM
-79.9099986 -76.1900004 1.859998587
Parm Value Std Error t-value
Area
4.308877115
Ctr-XR0HM
1.859999628
95% Confidence Limits
Ampl 0.759151371 
Ctr -78.05 
Widl 1.86
0.009760557 77.77746022 0.73985879 0.778443952
Peak# 4 Lorentzian Locked 
PkAmpl PkCtr
0.191192267 -74.45
XL @HM XR @HM
-82.3199998 -66.5800008
Parm Value 
Ampl 0.191192267 
Ctr -74.45 
Widl 7.87
Wid@HM Area
15.73999903 4.158882706
Ctr-XL@HM Ctr-XR0HM
7.869999801 7.869999233
Std Error t-value 95% Confidence Limits
0.004419498 43.26108318 0.182456749 0.199927784
Total Peaks= 4 Coefficient Count= 12 Fitted Count=4 
Std Error for Curve= 0.01433072963 r2= 0.995406041
Source Sum of Squares DF
Regr 6.4523477 11
Error 0.029778623 145
Total 6.4821264 156
Mean Square
0.58657707
0.00020536981
F
2856.2
I
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Figure B .l6. NaOH-activated slag, 14 days old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrom eter. Residuals.
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S i- 2 9  MAS-NMR D ata
1.5
cn
g  0.5 -
s
- 0.5
-40 -60  -8 0  , -100  
Chemical Shift (ppm) -120
Measured Values 
Peak# Type PkAmpl PkCtr Wid@HM Area
1 Lorentzian 0.0864156 -84.01593 3.290981 0.4350604
2 Lorentzian 0.2974998 -80.98418 3.7384054 1.6962355
3 Lorentzian 0.805134 -78.05033 3.7181114 4.5676244
4 Lorentzian 0.1418682 -74.45 15.739999 3.0859678
Total 9.7848881
%Area
4.4462482
17.335257
46.680395
31.5381
100
Figure B.17. NaOH-activated slag, 28 days old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.9. NaOH-activated slag, 28 days old. 29Si MAS-NMR data collected using
a 200 MHz (4.7 Tesla) spectrom eter. Numerical sum m ary o f curve fit.
Peak# 1 Lorentzian
PkAmpl PkCtr Wid@HM
0.08641563 -84.0159259 3.290980978
XL SUM XR 0HM Ctr-XL@HM
-85.6614167 -82.3704358 1.645490836
Parm Value Std Error t-value
Ampl 0.08641563 0.020963584 4.122178222
Ctr -84.0159259 0.280253529 -299.785434
Widl 1.645494953 0.39653579 4.149675751
Area
0.435060412
Ctr-XR@HM
1.645490142
95% Confidence Limits
0.044964461 
-84.5700695 
0.861427117
0.1278668
-83.4617823
2.429562789
Peak# 2 Lorentzian 
PkAmpl PkCtr
0.297499809 -80.9841845
XL @HM XR @HM
-82.8533865 -79.1149811
Parm Value
Ampl 0.297499809 0.027046844
Ctr -80.9841845 0.090248952
Widl 1.86920394 0.297933483
Wid@HM 
3.73840536 
Ctr-XLSHM 
1.869201996 
Std Error t-value
Area
1.696235485 
Ctr-XR@HM 
1.869203364
95% Confidence Limits
10.99942772 0.244020246
-897.342101 -81.1626332
6.273896842 1.280101853
0.350979372
-80.8057358
2.458306026
Peak# 3 Lorentzian 
PkAmpl PkCtr
0.80513395 -78.050325
XL SUM XR 0HM
-79.9093787 -76.1912673
Parm Value 
Ampl 0.80513395 
Ctr -78.050325 
Widl 1.859058194
WidSHM 
3.71811141 
Ctr-XL@HM 
1.859053649 
Std Error t-value
Area
4.567624367
Ctr-XR@HM
1.859057762
95% Confidence Limits
0.025017564 32.18274725 0.75566687 0.85460103
0.039364304 -1982.76908 -78.1281599 -77.9724902
0.054366087 34.19518127 1.751560457 1.966555931
Peak# 4 Lorentzian Locked
PkAmpl PkCtr Wid@HM
0.141868194 -74.45 15.73999903
XL @HM XR @HM Ctr-XL@HM
-82.3199998 -66.5800008 7.869999801
Std Error t-valueParm
Ampl
Ctr
Widl
Value
0.141868194 
-74.45
7.87
Area
3.085967807
Ctr-XR@HM
7.869999233
95% Confidence Limits
0.004329609 32.76697832 0.133307285 0.150429104
Total Peaks= 4 Coefficient Count= 12 Fitted Count=10 
Std Error for Curve= 0.009368360791 r2= 0.9981235272
Source Sum of Squares DF Mean Square F
Regr 6.4890936 11 0.5899176 6721.47
Error 0.0121995 139 8 .7766184e-05
Total 6.5012931 150
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Si-NMR MAS-NMR Data 
lmtzl(0.0849052. -84.0234. 1.62573)
Lmtz2(0300724, -80.9743. 1.89327) Lmtz3(0.801404. -78.0466, 1.84648) 
Lmlz4(0.143757, *-74.45. *7.87)
No Background X2=0.007559B02 r2=0.9985421
1.25'
^ 0 .r5
£  0.5
- 5 0 -70 , -90 x
C hem ical S h ift (ppm )
-110
Si-29 MAS-NMR Data 
Lmtzl(0.0864156. -84.0159, 1.64549)
Lmlz2(02975. -80.9842. 1.8692) Lmtz3(0.805134. -78.0503. 1.85906) 
Lmtz4(0.141868, *-74.45. *7.87)
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Figure B.18. NaOH-activated slag, 28 days old. 29Si MAS-NMR data collected
using a 200 MHz (4.7 Tesla) spectrometer. Residuals.
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S i - 2 9  M AS-NM R D ata
1.5
<r
|  0 .5 -
c
-14080  -1 0 0  ,  - 1 2 0  
Chemical Shift (ppm)
Measured Values
Peak# Type PkAmpl PkCtr Wid@HM Area
1 Gaussian 0.9761412 -103.6458 17.581355 18.268237
%Area
100
Figure B.19. Unreacted perlite glass. 29Si MAS-NMR data collected using a
500 MHz (11.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.10. Unreacted perlite glass. 29Si MAS-NMR data collected using a 
500 MHz (11.7 Tesla) spectrometer. Numerical summary of curve fit.
Peak# 1 Gaussian 
PkAmpl Pkctr
0.976141184 -103.645814
XL @HM XR @HM
-112.436494 -94.855139
Parm Value 
Ampl 0.976141184 0.001832809
Ctr -103.645814 0.016187093
Widl 7.466118472 0.016187093
WidBHM 
17.58135519 
Ctr-XLBHM 
8.790679928 
Std Error t-value
Area
18.26823712
Ctr-XR@HM
8.790675258
95% Confidence Limits
532.5929255
-6402.99125
461.2389967
0.97255142
-103.677519
7.43441422
0.979730948
-103.61411
7.497822724
Total Peaks- 1 Coefficient Count** 3 Fitted Count=3 
Std Error for Curve- 0.02196427237 r2= 0.9955971436
Source Sum of Squares DF Mean Square F
Regr 136.03455 2 68.017274 140989
Error 0.60158929 1247 0.00048242926
Total 136.63614 1249
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S i-2 9  MAS-NMR D ata
1.25
0.5'
0.25-
-60 -80 -100
C hem ical S h ift (ppm )
-120 -140
Si-20 MAS-NMR Data 
Gaussl(0.976141. -103.6-16. 7.46612) 
No Background 
X2=0.60158929 r2=0.99559714
0.075
0.05- 
1 0.025-Ol
£  o-
2- -0.025-cz
•55 -0.05-o;a
-0.075"
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-60 -80 -100 -120 -140
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Figure B.20. Unreacted perlite glass. 29Si MAS-NMR data collected using a
500 MHz (11.7 Tesla) spectrometer. Residuals.
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S i-2 9  MAS-NMR D ata
1.5
Chem ical Sh ift (ppm )
Measured Values 
Peak# Type PkAmpl Pkctr Wid@HM Area %Area
1 Lorentzian 0.1830362 -108.6045 3.1397487 0.8779115 5.5364108
2 Gaussian 0.2464797 -103.65 17.590491 4.6152035 29.105053
3 Lorentzian 0.5434839 -103.2999 3.3081356 2.7460535 17.317553
4 Lorentzian 0.6829884 -97.85976 3.6575412 3.8046537 23.993449
5 Lorentzian 0.3559772 -92.90065 4.8183121 2.583109 16.28997
6 Lorentzian 0.1247539 -87.07037 6.6931859 1.2301209 7.7575633
Total 15.857052 100
Figure B.21, NaOH-activated perlite glass. 29Si MAS-NMR data collected using 
a 500 MHz (11.7 Tesla) spectrometer. Simulation of spectrum.
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Table B.11. NaOH-activated perlite glass. 29Si MAS-NMR data collected using a 
500 MHz (11.7 Tesla) spectrom eter. Numerical summary of curve fit.
Peak# 1 Lorentzian 
PkAmpl Pkctr
0.183036171 -108.604545
XL @HM XR @HM
-110.174423 -107.034674
Parm Value
Ampl 0.183036171 0.0063041
Ctr -108.604545 0.03546062
Widl 1.569880695 0.096932059
Wid0HM 
3.139748693 
Ctr-XL0HM 
1.569878003 
Std Error t-value
Area
0.877911545
Ctr-XR@HM
1.56987069
95% Confidence Limits
29.03446319 0.170688445 0.195383897
-3062.68036 -108.674001 -108.535089
16.19568088 1.380021645 1.759739745
Peak# 2 Gaussian Locked 
PkAmpl PkCtr
0.24647969 -103.65
XL 0HM XR 6KM
-112.445248 -94.8547566
Parra Value Std Error
Ampl 0.24647969 0.010381968
Ctr -103.65
Widl 7.47
Peak# 3 Lorentzian 
PkAmpl PkCtr
0.54348394 -103.299869
XL 0HM XR 0HM
-104.953937 -101.645802
Parra Value Std Error
Ampl 0.54348394 0.007695616
Wid0HM Area
17.59049136 4.615203498
Ctr-XL0HM Ctr-XR0HM
8.795247991 8.79524337
t-value 95% Confidence Limits
23.74113456 0.22614472 0.26681466
WidOHM Area
3.308135605 2.746053472
Ctr-XL0HM Ctr-XR0HM
1.654067976 1.654067629
t-value 95% Confidence Limits
70.62253485 0.528410677 0.558557204
ctr
Widl
-103.299869
1.654075588
0.013013652 -7937.80797
0.031744351 52.10613964
-103.325359 
1.591898508
-103.27438
1.716252667
Peak# 4 Lorentzian 
PkAmpl Pkctr
0.682988384 -97.859761
XL 0HM XR @HM
-99.6885323 -96.0309911
Parra Value Std Error
Ampl 0.682988384 0.006624956
Wid0HM Area
3.657541207 3.804653734
Ctr-XL0HM Ctr-XR@HM
1.828771359 1.828769848
t-value 95% Confidence Limits
103.0932745 0.670012204 0.695964563
Ctr -97.859761 
Widl 1.828774394
0.012975452 -7541.91566 -97.8851757
0.02983358 61.29919417 1.770339908
-97.8343462
1.887208881
Peak# 5 Lorentzian 
PkAmpl Pkctr
0.355977157 -92.9006452
XL 0HM XR 0HM
-95.309802 -90.4914898
Parm Value Std Error
Ampl 0.355977157 0.005022915 70.87062678 0.346138865
Ctr -92.9006452 0.031704441 -2930.20925 -92.9627441
Widl 2.409159628 0.080977862 29.7508425 2.250549771
Wid0HM 
4.818312119 
Ctr-XL0HM 
2.409156797 
t-value
Area
2.583108992
Ctr-XR0HM
2.409155323
95% Confidence Limits
0.36581545 
-92.8385463 
2.567769485
Peak# 6 Lorentzian 
PkAmpl Pkctr
0.124753867 -87.0703663
XL 0HM XR 0HM
-90.4169596 -83.7237737
Parm Value 
Ampl 0.124753867 
Ctr -87.0703663 
Widl 3.346597887
Wid0HM 
6.693185869 
Ctr-XL0HM 
3.346593272 
Std Error t-value
Area
1.230120862
Ctr-XR0HM
3.346592597
95% Confidence Limits
0.003971696 31.41073284 0.11697458 0.132533155
0.126193946 -689.972607 -87.3175401 -86.8231925
0.164047225 20.40021032 3.02528159 3.667914183
Total Peaks= 6 Coefficient Count= 18 Fitted Count=16
Std Error for Curve= 0.0170314117 
Source Sum of Squares DF
Regr 94.451267 17
Error 0.35794513 1234
Total 94.809213 1251
r2= 0.9962245744 
Mean Square F
5.5559569 19153.9
0.00029006898
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Lmtz2(0.543484, -103.3. 1.65408) Lmtz4{0.682988. -97.8598 1.82877) 
Lmtz5(0.355977, -989006, 840916) Lmtz6(0.124754, -87.0704. 3.3466) 
No Background X2=0.35794513 r2=0.99622457
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Figure B.22. NaOH-activated perlite glass. 29Si MAS-NMR data collected using
a 500 MHz (11.7 Tesla) spectrometer. Residuals.
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